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ch service engineers are thoroughly familiar with 
electrothermic and electrochemical operations. They are 
competent to render high level technical advice to electrode, 
anode, carbon brick and mold stock customers. 


The alertness of these service engineers in anticipating 
customer needs and wishes is a characteristic plus factor in 
the trustworthiness of GLC carbon and graphite products. 


ELECTRODE 


The high degree of integration between discoveries in 
our research laboratories, refinements in processing raw 
materials and improved manufacturing techniques is further 
assurance of excellent product performance. 
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Why Allis-Chalmers Cooling 


Better Rectifier Operation 


More Efficient Heat Transfer results 
from internal cooling coil. The steel coil sur- 
rounds active parts, offering more cooling 
surface and better heat transfer than other 
types. Unit maintains more uniform tem- 
perature and mercury vapor pressure. 


Simplified Maintenance results from 
Allis-Chalmers unique unit construction. All 
active components are attached to the anode 
plate’ for easy withdrawal, dismantling, and 
re-assembling — as illustrated above. 


Positive Arc Barrier is formed by the 
cooling coil, which is insulated from the tank. 
The main arc is confined within the coil, pre- 
venting arc transfer to the tank. 


Years of Operation in hundreds of in- 
stallations have proved the reliability, ease 
of operation, and simplified maintenance of 
Allis-Chalmers mercury arc rectifiers. You 
can get complete information at your nearby 
A-C office, or write Allis-Chalmers, Industrial 
Equipment Division, Milwaukee 1, Wisconsin. 
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Radiation Exposure Records 


I T 1S commonly accepted among workers in the field that an aver- 
age weekly exposure of not more than 300 milliroentgens of x- and gamma radiation is safe 
for the individual. Geneticists point out, however, that any exposure whatever, above the 
natural background which is unavoidable, of persons from the time of conception through 
child-bearing age, is almost completely certain to have a deleterious effect on their descend- 
ants. Radiation brings about gene mutations in the reproductive cells, and the vast majority 
of mutations result in undesirable factors. The effects may vary widely; some members of 
one family line may become susceptible to occasional multiple sneezing, another family line 
may die out within a few generations. The incidence of favorable characteristics would be 
infrequent and far outweighed by the unfavorable ones. 

Several months ago the National Academy of Sciences issued a report of its Committee 
on Genetic Effects of Atomie Radiation in which these matters are explored and discussed. 
Unfortunately, there are practically no data available with respect to human beings, but the 
Committee points out that in this case an extrapolation even from Drosophila to humans is 
not unreasonable. Several tentative recommendations were made, of which we shall discuss 
only one: “That, in view of the fact that total accumulated dose is the genetically important 
figure, steps be taken to institute a national system of radiation exposure record-keeping, 
under which there would be maintained for every individual a complete history of his total 
record of exposure to x-rays, and to all other gamma radiation.”’ 

It is quite unlikely that such a national system will be initiated in the near future unless 
drastic and unforseen events occur. In the meantime, it is entirely feasible and desirable that 
every laboratory and institution in which radiation is studied or used should keep cumulative 
records of the exposure of its personnel. There are some 1400 industrial users of radioactive 
isotopes in the United States at present, and this number will grow rapidly; there are several 
thousand laboratories which use radioactivity or x-rays. While the genetic effect on the total 
future population from this number of workers will be small, it is certain that those who ex- 
pect to bear children will wish to keep within recommended limits of total exposure. 

Some institutions and laboratories are already keeping records, while others are studying 
its practicality. It is not easy to work out reliable methods of measuring the exposure of each 
individual; film badges and other dosimeters are useful and may be compared with other 
methods of estimating radiation levels. Each laboratory should adopt a standard method, 
which would be described in its records. Any unusual or accidental exposure should be noted, 
with a full description and estimate of the magnitude. Each institution should be prepared 
to pass on to later employers a complete report for each individual. 

It is well to keep in mind the advice of the Committee on Genetic Effects: any exposure 
whatsoever is genetically undesirable. 

—CVK 
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NOW! From BAKER & ADAMSON... 


A New High in Electronic Chemical Purity 


for Production of Semiconductors : 


...Drastic reduction of metallic and anes 

Acids 
other undesirable impurities a 
Previous standards of chemical purity purity. Metallic and other unde- Hydrochloric (Muriatic) 
have been outmoded by the stringent sirable impurities are held to lower ee 48% 
quality requirements of the electron- limits than ever before. nal 


ics industry—especially for chemicals 
used in the production of semicon- 
ductor devices. 


Listed here is a group of these ex- 
tremely high purity chemicals made 
especially for the production of elec- 


Alcohol, Methyl and Propyl 


Baker & Adamson, the country’s tronic devices—part of B&A’s exten- Genet 
leading producer of extremely high sive line of electronic grade chemi- Carbon Tetrachloride 
purity laboratory and scientific cals. Call or write your nearest B&A 
chemicals, now meets these demands sales office today for information on Ether 
with “electronic grade” chemicals any of the following . . . or other Glycerine 


that establish a new high in chemical 


electronic chemicals you may need. 


Hydrogen Peroxide, 3% & 30% 


BAKER & ADAMSON® 
Electronic Grade Chemicals 7 
oluene 
GENERAL CHEMICAL DIVISION Trichloroethylene 
ALLIED CHEMICAL AND DYE CORPORATION “ae | 
40 Rector Street, New York 6, N. Y. REAGENTS Xylene 


Offices: Albany* * Atlanta * Baltimore* * Birmingham* * Boston* * Bridgeport* * Buffalo® * Charlotte® Chicago* * Cleveland* * Denver® * Detroit® Houston* 
Jacksonville * Kalamazoo * Los Angeles* * Milwaukee ° Minneapolis * New York** Philadelphia® * Pittsburgh* *« Providence* * St. Louis* ¢ San Francisco* 
Seattle * Kennewick® and Yakima (Wash.) In Canada: The Nichols Chemical Company, Limited * Montreal* * Toronto* * V t* *Complete stocks carried here. 
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are durably constructed of the highest grade materials and Heavy Duty Analyzer, the cathode chuck is eccentrically * 
component parts, including stainless steel front panel, cast mounted, providing adjustability to accommodate electrodes aid f 
aluminum end castings and stainless steel fittings. up to 50 mm diameter. Special Sargent high efficiency elec- disso 
Completely line operated, the Sargent analyzers employ trodes are available for both analyzers. the s 
self-contained rectifying and filter circuits. The deposition Analyzers are complete with cord and plug for attachment 
voltage between the electrodes is adjusted by means of auto- to standard outlets. For operation from 115 volt, 50 or 60 a filn 
transformers, with meters indicating volts and amperes and cycle A.C. circuits. Ve 
controls on the panel. An easily replaceable fuse guards oe ; 
against circuit overload. SARGENT-SLOMIN | HEAVY DUTY ang 
The Sargent-Slomin Analyzer stirs thorugh a rotating Matteas OC. ence 5 ampere 15 ampere this « 
chuck operated from a capacitor type induction motor, motor at each position silica 
having a fixed speed of 550 r.p.m. with 60 cycle A.C. current Maxi BC. velte 10 volts 10 volts a 
or 460 r.p.m. with 50 cycle A.C. current. Motors are sealed itio 
against corrosive fumes; are mounted on cast metal brackets, a pipes 
sliding on 4” square stainless steel rods, | em vertical Maximum power 150* or 300 watts 400 watts W. 
adjustment of electrode position over a distance of 4”. Pre- consumption tebe 
lubricated ball-bearings support the rotating shaft. Height 18 inches 20% inches _ 
The Sargent Heavy Duty Analyzer scouts efficient stir- Width 11%* or 21 inches 21 inches of as 
ring by the interaction between the cell current and the field Depth 11% inches 11% inches Th 
established by a permanent magnet, tubular in shape and t fi 
coaxial with the cell holder. Net Weight 35* or 61 p 80 p = = 
The Heavy Duty has recessed wells to hold the sample Shipping Weight 70* or 110 pound 130 pound (3) 8 
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New Method of Studying Corrosion Inhibition 
of Iron with Sodium Silicate 


E. F. Durrek anp D. S. 


Department of Chemistry, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 


ABSTRACT 


A rapid laboratory method is presented for testing the effectiveness of sodium sili- 
cate as an anodic inhibitor. Passivity curves taken on polished steel electrodes, pre- 
treated for 24, or better, 48 hr in aerated solutions of sodium silicate (3-500 ppm silica) 
and compared with sodium hydroxide solutions of the same pH, indicate that silica, 
and not merely an increase in pH, caused inhibition. No corrosion products were ob- 
served in the short pretreatment time for electrodes treated with 15 and more ppm 
silica, whereas all sodium hydroxide treated electrodes corroded. The method can be 
made the basis of a practical test by pretreating the electrodes, in the actual environ- 
ment being treated, with sodium silicate. The procedure also appears to be applicable 


in the testing of other anodic inhibitors. 


Sodium silicate and sodium hydroxide are nonoxidizing 
anodic inhibitors. As such, since the corrosion of Fe is 
under cathodic control, a certain minimum concentration 
is required to promote passivity and corrosion inhibition. 
In insufficient amounts, these inhibitors may merely con- 
tract the anodic areas, localizing the corrosion and caus- 
ing pitting. Minimum concentration required for inhibition 
depends on the impurities in the water, some of which may 
aid formation of a protective film; others may peptize or 
dissolve the protective film; still others, by reacting with 
the silica, may make it unavailable for the production of 
a film. 

Very thin films have been found to give effective protec- 
tion against corrosion. Thresh (1) was the first to observe 
this effect in the case of silica; using a silicate of a high 
siliea-to-alkali ratio at 8 ppm silica, he was able to min- 
imize the concentration of lead in water carried in lead 
pipes. 

Weston (2) controlled the corrosion of iron pipe carrying 
water by maintaining a protective coating by the addition 
of a small amount of sodium silicate once a week. 

The anticorrosive action of silicate was not thought of 
at first as a deposit of an inhibiting film. Texter’s work 
(3) showed that, when silicate is added to the water, the 
maximum effect, measured as a specific rate of corrosion 
by the removal of dissolved oxygen from water, was not 
obtained for a matter of 22 days. 

These films do not build up to heavy obstructive layers 
and are self-healing if the water is continuously treated. 
Stericker (4) summarized the known facts of inhibition 
with sodium silicate. 

Lehrman and Shuldener (5, 6) also controlled rust in 
water pipes with soluble silicates. Their results show that 
the films deposited from dilute solutions of silicate (12- 
1400 ppm silica) depend on the presence of small quanti- 
ties of corrosion products on the metal surfaces. 

Above pH 9.5, the corrosion rate of steel is dependent 
on the alkalinity of the surrounding medium, with an in- 
crease of pH causing a decrease in the rate (7). In order 


to study the full effect of sodium silicate, it is therefore 
necessary to conduct another experiment with sodium 
hydroxide solutions of the same pH. Any effect noticed 
above that due merely to raising the pH of the solution 
must be attributed to the silicate present. 

Passivity and weight loss determinations are two ways 
in which the factors affecting corrosion may be studied. 

Passivity may be visualized in the following way. At 
low applied current densities, the major reaction for steel 
as anode is the solution of Fe. An anodic inhibitor should 
cover these anodic areas of the steel and cause the effective 
area to decrease. Local current density at the exposed 
portions of the electrode is very large and hence the po- 
tential rises rapidly until another process, the evolution of 
oxygen, takes place. Silicates, if they are better inhibitors 
than sodium hydroxide, should cause the steel anode to 
become passive at a lower average current density. 

Weight loss experiments are of great value when cor- 
rosion is uniform, but, when studying anodic inhibitors, it 
is more important to note visually whether the inhibitor is 
preventing pitting. A procedure for evaluating anodic in- 
hibitors in a relatively short time seems to be desirable. 

A testing procedure has been devised which combines 
exposure in the environment being treated with passivity 
measurements. In the experiments reported, steel speci- 
mens are exposed for 24 or 48 hr in a treated distilled 
water solution of the inhibitor, after which passivity 
curves are taken in comparably treated sodium sulfate 
solutions to study the anodic polarization effects. Of 
course it is possible to expose the specimens in the actual 
water being treated prior to making the polarization 
measurements. In this case, it appears feasible to correlate 
the passivity measurements with corrosion observed in 
the actual situation being treated. 

EXPERIMENTAL 
Passivity Measurements 


Potentials were measured with a L&N student poten- 
tiometer vs. a saturated calomel reference cell. The current 
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Fic. 1. Passivity cell assembly. 1-glass stirrer; 2-cathode 
compartment; 3-cathode; 4-anode; 5-specimen; 6-probe; 
7-sintered glass dise. 


Or 


TABLE I. Composition of silicate 


| or 


Na,O 8.76 
SiO. 28.38 
0.0057 
TiO. | 0.0031 
Al.O; 0.069 
CaO 0.042 
MgO 0.034 
CuO 0.00036 
NiO 0.00013 
Cl 0.052 
SO, 0.065 
CO. 0.02 


to the passivity cell was supplied by a 32-v Edison bat- 
tery and was measured with two milliammeters having 
ranges of 100 and 500 ma. The passivity cell, Fig. 1, con- 
sisted of a tall, 1-l beaker with a separate compartment 
for the Pt cathode. This was made by attaching a 30-mm 
sintered glass disk vertically to a section of 20-mm glass 
tubing. Junction to the calomel cell was made by means of 
a salt bridge of saturated KCl in agar-agar. The salt 
bridge was constructed so that it ended in a capillary 
brought very close to the back, or enameled, face of the 
anode. The solution in the passivity cell was 0.1N sodium 
sulfate containing the same amount cf silicate as the 
water being treated. The sodium sulfate serves to conduct 
the current as well as to minimize concentration changes 
in the solution due to electrolysis. The potential measured 
is that between the steel anode and the calomel electrode. 
The potential drop through the solution is negligible, with 
this arrangement. Stirring reduced concentration gradients 
at the anode interface. Sodium silicate containing SiOz: 
NaO in the ratio of 3.24 to 1 was used for the silica solu- 
tions. The composition of this material, furnished by the 
maker, is given in Table I. 

Electrodes were cut from the same piece of mild steel 
(0.13% C, 0.3% Mn, 0.04% P, 0.05% 8S) 1.5 mm thick. 
A square area, 15 x 15 mm, was used as anode and a tang 
of the same metal, left attached, 20 em x 7 mm, served 
as a lead. After pickling in concentrated HCI, specimens 
were polished with 600 emery, No. 2 metallographic paper, 


December 1956 


ANODIC POTENTIALVvs CALOMEL~VOLTS 


CURRENT DENSITY— MILLIAMPS PER SQ. CM. 


Fic. 2. Passivity curves of mild steel in treated 0.LV 
NaeSO, after 24 hr presoaking in a correspondingly treated 
distilled water solution. W-500 ppm silica equivalent; X -200 
ppm silica equivalent; §§-100 ppm silica equivalent; A-40 
ppm silica equivalent; A-15 ppm silica equivalent; 0-7 
ppm silica equivalent; @-3 ppm silica equivalent; 0-0 
ppm silica equivalent. 


and lightly buffed. Buffing was carried out to inspect the 
surface for pits and scratches. To obtain the best results 
possible, specimens were polished and buffed in this 
manner until no imperfections were noted. With the ey- 
ception of one face of the 15 x 15 mm area, the entire 
electrode was coated with G. E. enamel No. 6844 and 
baked at 135°C for 1 hr. Before immersion in the soak 
solution, the uncoated face was refinished with No. 2 
metallographie paper and exposed to 20% HF for 30 see. 
With such small specimens, great care must be exercised 
in the preparation of the surface. Defects or pits due to 
imperfect preparation may not receive sufficient inhibitor 
during the soaking period and will not become passive 
when electrolyzed. 

Procedure.—Two of the prepared electrodes were im- 
mersed in approximately 3.5 | of distilled water containing 
the desired concentration of silicate. This solution was 
contained in 4-1 beakers. They were stirred mechanically 
and saturated with CO--free air. At the end of 24 hr, one 
of the electrodes was removed, rinsed in distilled water, 
and placed in the passivity cell. The silicate solution was 
renewed and the second electrode removed at the end of 
48 hr, after which it was treated in the same manner as 
the first. The passivity cell contained a comparably treated 
0.1N sodium sulfate solution. Definite current values 
were impressed between the anode and cathode and the 
resulting potential of the anode relative to the calomel 
electrode was measured. Starting with the “‘open circuit” 
or zero current value, the current was increased in steps 
from about 0.25 ma/cm? to passivity of the metal. The 
resulting potential for each particular current density was 
measured, allowing 10 min for attainment of steady po- 
tential values. Passivity was recognized by a sudden, 
sharp rise in potential and was obtained just after the 
electrodes’ polarity reversed, that is, the calomel cell 
became negative with respect to the steel. Typical curves 
are shown in Fig. 2. Steady values of the potential were 
not obtained with current densities greater than the critical 
value, the potentials dropping slowly to less positive values. 
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TABLE II. Critical current densities of mild steel in treated 0.1N NasSO, solutions presoaked for 24 and 48 hr 


CORROSION INHIBITION OF IRON 


in treated distilled water solution “ 


Critical current densities, ma/cm 


Treating solution pH | Surface just prior to readings 
| | 24 hr 48 hr 
500 ppm silica* 9.3 | No visible corrosion 0.231 0.231 
500 ppm silica* 9.3 | No visible corrosion | 4.62 6.93 
NaOH 9.3 | Well-corroded 25.33 33.33 
200 ppm silica 9.15 | No visible corrosion 0.462 0.693 
100 ppm silica 9.0 _ No visible corrosion 1.16 4.62 
100 ppm silica 9.0 | No visible corrosion — 0.495 
NaOH 9.0 Even coating of corrosion 38.89 38.89 
40 ppm silica 8.95 | No visible corrosion 5.78 4.62 
40 ppm silica 8.95 | No visible corrosion 6.93 _— 
15 ppm silica 8.9 No visible corrosiont 9.24 6.93 
15 ppm silica 8.9 | No visible corrosion — 13.87 
NaOH 8.9 | Even coating of corrosion 36.67 30.00 
7 ppm silica 8.5 | Several small stains 9.24 5.08 
7 ppm silica 8.5 Very mild corrosion 15.02 10.39 
7 ppm silica 8.5 | Very mild corrosion 16.18 -- 
7 ppm silica 8.5 | Very mild corrosion 18.49 = 
3 ppm silica 7.9 | Moderate corrosion 26.71 10.39 
NaOH 7.9 | Spotted corrosion | 24.44 26.71 
Distilled water 7.0 _ Even coating of corrosion 27.78 25.55 


* Lower critical current densities were always obtained with well-polished electrodes. 
t The 48-hr treated electrode had two small spots of corrosion. 
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\ 
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500 
CONCENTRATION = PPM SILICA EQUIVALENT 


Fic. 3. Critical current densities for mild steel pretreated 
in aerated distilled water solutions. Sodium hydroxide 
plotted at the same pH as the silicate solutions. A-sodium 
hydroxide, presoaked 24 hr; B-sodium silicate, presoaked 
24 hr; C-sodium silicate, presoaked 48 hr. 


CURRENT DENSITY ONSET OF PASSIVITY 


Results. 
in Table IT. 

Four out of the seven concentrations of silicate were 
paralleled by a test containing no silicate but sufficient 
sodium hydroxide to produce the same pH as the silicate 
solutions. These experiments show that current densities 
required for passivity of electrodes treated with sodium 
hydroxide are considerably higher than for those contain- 
ing silicate, the values of the critical current density 
ranging from 25 to 39 ma/cm? (Fig. 3). 

As previously mentioned, care must be exercised in the 
preparation of specimens. Inspection of Table IT shows 
the critical current densities for the 48-hr experiments 
with the more concentrated silicate solutions are fre- 
quently higher than for 24 hr. For a greater concentration 
of silicate the steel electrode becomes passive at a lower 


Results of these experiments are summarized 


current density than for the dilute solutions and it is in 
this region that the surface condition becomes more 
critical, any surface defect or pit causing a considerably 
higher current density. 

The passivity curves for the various silica concentra- 
tions after 24-hr immersion are illustrated in Fig. 2. These 
experiments indicate the sodium silicate solutions bring 
about a large anodic inhibition on mild steel during the 
pretreating period. The protective action appears to be 
in the form of an invisible film which causes passivity to 
take place at a much lower current density than in the 
matching sodium hydroxide solution (Fig. 3). Fig. 3 also 
suggests that lower concentrations of silica require a longer 
time to become effective. 

Other measurements. passivity measurements 
were carried out without presoaking. That is, the only 
silicate available was that contained in the sodium sulfate 
solution in the passivity cell. In these tests, the silicate was 
effective only at rather large concentrations. Under these 
circumstances, it is apparent that insufficient silicate was 
available to inhibit the anodic areas in the short time re- 
quired for the passivity tests. 

The same situation was observed when the anodes were 
presoaked in solutions of 0.1N sodium sulfate containing 
the inhibitor. That is, the lower inhibitor concentrations 
are not effective in forming a passivating film in compe- 
tition with the rather corrosive sodium sulfate solution, 
whereas they are effective in distilled water. 


-Some 


CONCLUSIONS AND SUMMARY 


The present experiments show that at 3 ppm silica the 
electrodes were well spotted with corrosion products, 
whereas at 7 ppm there was very slight corrosion on the 
steel surface [ef. with 8 ppm by Thresh (1)]. No corrosion 
products were observed on the specimens treated with 15 
ppm silica. These facts indicate that a 3 ppm silica solu- 
tion contained an insufficient amount of inhibitor and the 
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7 ppm silica solution was enough to exhibit some corrosion 
inhibition. In addition, 15 ppm silica is enough to cause 
passivity of the steel and it is probable that in practice, 
after an initial treatment at 15 ppm, the concentration 


could be reduced to 7 
fectively. 


ppm and still hinder corrosion ef- 


It has been found that if the steel samples are allowed 
to soak in silicate-treated water for 24 hr before the 
polarization curves are taken, rather small concentrations 
of silicate have a pronounced effect on polarization. 
Measurements of critical current density vs. silica and 
sodium hydroxide concentrations are closely related to 
the corrosion rate, with a lower critical current density 
indicating corrosion inhibition. 

It seems fairly obvious that specimens can be exposed in 
an actual system being treated and then transferred at 
intervals to the passivity apparatus to follow the effective- 
ness of any treatment. Also, it appears that the method is 
applicable for the testing of other inhibitors. 
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Permeation of Gases through Electrolytic Nickel Deposits 


Il. Determination of the Effect of Several Variables on the Intrinsic 
Permeability of Nickel Deposits to Gases 


D. T. Ewine! J. Martin Topix? 


Michigan State College, East Lansing, Michigan 


D. GARDNER FOULKE 


Hanson-Van Winkle-Munning Company, Matawan, New Jersey 


ABSTRACT 


Conditions of temperature, current density, and pH used when plating from a Watts’ 
bath were each varied independently to determine the effect on the intrinsic perme 
ability of the deposit. Total Ni, chloride, and H;BO, concentration of a Watts’ bath 
were studied similarly, and the effect of various addition agents which tend to produce 


bright deposits from Watts’ baths was also determined. Several bath impurities were 
found to increase the intrinsic permeability of the Ni deposit. 


A method has been described (1) for determining the 
permeability of detached Ni deposits to gases with a good 
degree of reproducibility. The method used is intended to 
be a measure of the “porosity”? of a Ni deposit which is 
characteristic of the particular bath composition and 
plating conditions used, in the absence of accidental 
effects such as gas pores, particle inclusions in the deposit, 
and pores caused by base metal defects. 

The present paper is concerned with the measurement 
of the effect of changing the bath composition, and vary- 
ing the pH, temperature, and cathodic current density on 
the so-called intrinsic permeability of Ni deposits to gases. 

Deceased. 

? Present address: General Electric Co., Richland, Wash. 


The effect of adding small amounts of colloidal graphite, 
gelatin, anode sludge, Fe(III), Cu(II), and Zn as im- 
purities in a Watts’ bath was also measured. 


EXPERIMENTAL RESULTS 
Bath Composition 


Effect of varying Ni concentration.—The effect of varying 
Ni concentration on the permeability of electrodeposits 
obtained in what were substantially Watts’ Ni baths was 
carried out by plating foils from baths in which. the 
amount of Ni salts was decreased’ stepwise by 10%. 


3 Standard bath contained 240 g/l NiSO,-6H.2O and 45 
g/l NiCl,-6H,0. 
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PERMEABILITY CONSTANT 
MIN.) 


0 90 80 70 60 30 40 30 20 
PERCENT OF NORMAL NICKEL CONC. 


Fic. 1. Effeet of Ni concentration on permeability con- 
stants of Ni electrodeposits at various pH values. 


H;BO; was held at 4 0z/gal. The temperature was 140°F 
(55°C) and the current density 40 asf. 

In order to prepare deposits 0.0001 in. thick at the 
various pH values studied, 2.2, 3.2, and 5.2 electrometric, 
the deposition rate was determined and the deposition 
time for the samples was determined by these data. Some 
of the deposits from baths low in Ni at pH 5.2 were fairly 
bright. This was most evident in the bath operated at 
about 50% of normal Ni concentration which was shown 
by the Tyndall effect to contain a colloid even in the 
ease of a carefully purified and filtered bath. 

The permeability of these deposits was measured in 
triplicate. Values for log permeability constant as defined 
by Thon (2) plotted (Fig. 1) as a function of the per cent 
normal Ni concentration in baths of pH 2.2 show only a 
slight increase in permeability with decrease of Ni content 
in spite of considerable gassing at the cathode. At higher 
pH values, a maximum is apparent at about 50% of 
normal Ni concentration. At pH 5.2, the maximum 
appeared to be associated with the presence of a colloid, 
probably hydrous nickel oxide, observed in the bath. At 
pH 3.2, it is possible that a similar colloid was present in 
the cathode film, although shown to be absent in the bulk 
of the solution by the Tyndall effect. 

Effect of varying H3;BO3 concentration.—A series of 
baths, deviating from a H;BO; content of 30 g/l (4 0z/ 
gal), were carefully purified. Deposits were prepared in 
these baths at three different pH values at 140°F (55°C) 
and 40 asf and the permeability determined (Fig. 2). 

In general, the appearance of the deposit did not 
change materially with decrease in H;BO; concentration, 
although it was noted that the brittleness increased with 
decrease in H;BO; content. The effect of decreased 
H;BO; concentration was most marked at the higher pH 
(5.2), undoubtedly due to the development of unusually 
high pH values in the cathode film in the absence of suf- 
ficient buffer capacity. 

Effect of chloride—In order to determine the effect of 


the chloride concentration of the bath on the initial 
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Fic. 2. Effeet of varying the H;BO; concentration on 
Ni electrodeposits at several pH values. 


permeability of Ni deposits, two baths were prepared and 
purified. 


Nickel chloride (NiCl.-6H:O) 300 (40 02z/gal) 

Borie acid (H3BO;) 30 g/l (4 02z/gal) 
and 

Nickel chloride (NiCl-6H,O) 132 g/l (17.6 oz/gal) 

Nickel sulfate (NiSO,;-7H.O) 162 g/l (21.6 0z/gal) 

Boric acid (H,BO3) 30 g/l (4 02z/gal) 


Panels were plated in these baths at 55°C and pH 3.2 at 
40 asf. Results obtained by making six permeability deter- 
minations are compared with previous results obtained for 
a Watts’ bath under similar conditions. They show a small 
increase in permeability with increase in chloride con- 
centration (Table I). 

Effect of brighteners.— Deposits from various proprietary 
bright Ni baths and several sulfamate baths were com- 
pared with deposits obtained from the Watts’ solution 
with results shown in Table II. No significant differences 
in the “intrinsic” porosity of these deposits was apparent, 
although the bright Ni deposits were in general less perme- 
able to gases than deposits from the Watts’ bath. 


Plating Conditions 


Effect of varying the pH.—The pH of the Watts’ nickel 
bath, operated at 55°C and 40 asf, was varied with all 
other variables held constant. Six samples were taken 
from each deposit and the permeability to H, He, and N 
determined. Deposits prepared at pH 3.2 had a greater 
permeability than deposits prepared at pH 2.2 or 5.2 
(Table II). 

Effect of varying temperature.—Five series of samples 
were prepared at five different temperatures using a Watts’ 
bath at pH 2.2 and a current density of 40 asf. The perme- 
ability of three samples from each series was then deter- 
mined using He gas. As can be seen from Fig. 3 the perme- 
ability constant increased exponentially with temperature. 

Effect of varying current density—The current density 
at the cathode was varied from 30 to 80 asf by 10 asf 
intervals for the 2.3 pH Watts’ bath. Three samples at 
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TABLE I. Effect of chloride concentration on 
permeability 


Permeability constant, 1/cm? min 
Deposit thickness 


KH, KHe 
All chloride 
0.000115 8.9 10° 6.2 X 107 
0.000110 9.3 6.5 
0.000102 9.7 6.8 
0.000119 8.7 6.1 
0.000116 8.9 6.2 
0.000114 9.2 6.4 
0.000113 Avg. 9.1 6.4 
1:1 Chloride to sulfate 
0.000121 3.2 X 10°77 2.2 X lo? 
0.000117 3.5 2.4 
0.000110 3.9 3.7 
0.000123 3.5 2.4 
0.000118 3.7 2.6 
0.000115 4.0 2.8 
0.000115 Avg. 3.6 XK 10°77 2.5 
Watts 
0.000107 8.7 X 6.1 10° 
0.000102 9.0 6.3 
0.000096 9.2 6.5 
0.000115 8.5 5.9 
0.000099 8.9 6.5 
0.000093 9.4 6.7 
0.000102 Avg. 9.0 10° 6.3 


TABLE II. Permeability constants for various 
bright Ni baths 


C.D. = 40 asf, thickness 0.0001 in. 


Permeability constants, (1/cm? min) 
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TABLE III. Effect of pH of the plating bath on 


permeability 
KH: X 108 Ktie X 
Deposit sample Mean thickness (1/em?2 Ne (1/em? 
min) min) 
pH = 2.2 
G31A-1A 0.000126 8.60 (0) 6.05 
G31A-1B 0.000122 8.70 (0) 6.15 
G31A-1C 0.000104 8.95 (0) 6.40 
G31A-2A 0.000142 | $8.65 (0) 6.00 
G31A-2B 0.000125 8.85 (0) 6.25 
G31A-2C 0.000113 9.00 (0) 6.30 
pH = 3.2 
C21A-1A 0.000110 14.2 (0) | 10.2 
C21A-1B 0.000103 14.5 (0) 10.5 
C21A-1C 0.000097 (0) - 
C21A-2A 0.000120 14.0 (0) 10.0 
C21A-2B 0.000104 14.5 (0) 10.5 
C21A-2C 0.000099 15.5 (0) 11.0 
pH = 5.2 
D21B-1A 0.000107 13.0 (O) 9.05 
D21B-1B 0.000103 13.8 (0) 9.50 
D21B-1C 0.000098 14.0 (0) 9.75 
D21B-2A 0.000114 13.0 (0) 9.00 
D21B-2B 0.000102 13.5 (0) 9.20 
0.000095 14.2 (0) 9.85 


D21B-2C 


Bath 
KH, X 10° Kn, Ke X 108 
Watts, 3.2 at 55° 14.5 (0) 10.5 
Watts, 5.2 at 55° 13.8 (O) 9.65 
Organic’, 3.2 at 55° 4.65 (0) 3.30 
Organic?, 3.5 at 50° 3.63 (0) 2.60 
Watts, 2.2 at 55° 9.15 (0) 6.40 
Organic’, 3.5 at 50° 4.85 (0) 3.35 
Co-Ni, 3.7 at 55° 9.20 (0) 6.45 
Organic’, 3.2 at 55° 3.40 (0) 2.35 
Organic®, 3.5 at 60° 4.35 (O) 2.95 
Organic®, 3.7 at 50° 3.80 (0) 2.60 
Sulfamate, 3.5 at 50° 9.95 (O) 7.15 
Sulfamate®, 3.5 at 50° 7.65 (O) 5.40 


' AES Project No. 5 bath; ? Polysulfonie acid + Class 
II brightener + wetting agent; *No. 2 without wetting 
agent; ‘Sulfonamide + Class II brightener; *Polysulfonie 
acid + Class II brightener, each different and not same 
as No. 1; *With naphthalene sulfonie acid. 


each current density were measured for permeability to 
He with results shown in Fig. 4. The permeability con- 
stant increases with increase in current density but tends 
to level off at about 45 asf. 

Effect of impurities.—Impurities of a colloidal nature 
were introduced into the 2.2 pH Watts’ bath. Gelatin, 
colloidal graphite, and black anode slime at a concentra- 
tion of 1.0 ppm were found to increase greatly the porosity 


BATH TEMPERATURE, (°C) 


Fic. 3. Effect of bath temperature on the gas perme- 
ability constant of Ni deposits. 


of Ni deposits as shown in Table IV. It should be noted 
that these foils were free of photographable pores. 

The study of the effect of inorganic impurities was not 
extensive, but the order of magnitude of the effect was 
determined for Fe, Cu, and Zn (as sulfates) present to 
the extent of 5 and 10 ppm 2.2 bath (55°C and 40 asf). As 
shown in Fig. 5, the intrinsic permeability was greater for 
deposits made in the baths containing metallic impurities. 


SUMMARY AND Discussion 


A decrease in the Ni salt concentration of baths at lower 
pH values did not exert a marked increase in the perme- 
ability of deposits plated therein, even though considerable 
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— 
le X 16 
1/cm? 
min) 
5.05 
5.40 
3.00 
3.30 38 
2 
CURRENT DENSITY, (ASF) IMPURITY CONC.,(PPM) 
. Fic. 4. Effect of current density on the gas permeability Fic. 5. Effect of metal ion impurities on the gas per- 
of Ni deposits. meability of Ni deposits. 
a TABLE IV. Effect of — impurities on eners are more important controlling factors in the cor- 
rosion resistance of plated articles than the initial perme- 
00 Impurity | Amount Kye 1/cem™? X 10° min ability of deposits. 
20) On the other hand, bath impurities have been recog- 
).85 0 0 | 6.1 6.3 6.5 nized as a factor causing a decrease in corrosion resistance 
ppm | of Ni deposits. From the data given in Table IV and Fig. 
Yolloidal graphite .0 ppm 9, : 30, talline 
adie silane 1.0 ppm | 20,000 40,000 | 20,000 5 it can be seen that colloidal and metallic impurities can 
‘ cause an increase in permeability of the deposit to gases 
which may be of a very large order of magnitude; as much 
gassing took place at the cathode. There is a tendency for as a hundred to ten thousand times the value of perme- 
more permeable deposits to be formed in Ni baths at ability of such Ni deposits is at least one of the factors 
higher pH values. This may be caused by colloidal basic related to the low corrosion resistance observed in prac- 
Ni compounds formed in the bath. tice for deposits from impure baths. 
The effect of a decrease in H;BO; concentration was 
greatest in the case of the 5.2 pH bath. This may have ACKNOWLEDGMENT 
been due to the decrease in buffering action in the cathode The sponsorship by the Hanson-Van Winkle-Munning 
layer where the pH tends to =. , / } Company of a Fellowship at Michigan State University, 
In general, there was a very little difference m the - under which the work reported in this paper was done, is 
trinsic permeability of various purified proprietary Ni gratefully acknowledged. 
baths. However, deposits from the purified Watts’ type of 
bath are slightly more permeable to gases than the bright Manuscript received December 5, 1955. This paper was 
deposits, in spite of the finer grain structure of bright prepared for delivery before the Boston Meeting, October 
baths. This may be related to the laminar structure of 3 to 7, hi 
bright baths as opposed to the columnar structure of Ni . Any Gisoussion of this paper wi + og landent Discussion 
Section to be published in the June 1957 JouRNAL. 
erme- deposited from the Watts’ bath. Furthermore, it would 
appear that there is no evidence so far of a direct correla- REFERENCES 
between permeability and corrosion resistance. It is 1. Wares, Yonex, ane G Di 
noter probable that the accidental defects in the deposit such as Journal, 108, 545 (1956). 
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Electrodeposition of Metals from Organic Solutions 


I. General Survey 


ABNER BRENNER 


National Bureau of Standards, Washington, D. C. 


ABSTRACT 


General principles, methods, solutes, and solvents used for depositing metals from 


organic solvents are surveyed. 


This paper covers general principles and methods for 
clectrodepositing metals from nonaqueous media that are 
common to four subsequent papers in this series concerned 
with deposition of Al, Be, Mg, and alloys of Al with Ti 
and Zr. 

Of 70 known metallic elements, only about 30 have been 
electrodeposited from aqueous solution. Many of the 
metals which have not been deposited would have useful 
applications if they could be obtained in the form of coat- 
ings or electroformed into objects. Several of these metals 
are of considerable current interest, namely, Ti, Zr, Mo, 
Ta, and W. Since a majority of the metals could not be 
deposited from aqueous solution, electrochemists turned 
their attention to nonaqueous media. These are of two 
types: fused salts, and compounds which are liquid at 
ordinary temperatures. 

Practically all metals can be deposited from fused 
electrolytes. However, electrodeposition from fused 
electrolytes has not solved the problem of obtaining co- 
herent coatings of these metals, because, with the few 
exceptions noted below, the deposits are obtained in the 
form of powders, crystals, sponges, or dendrites which are 
of no value as coatings. Metals in this form may, however, 
be of value for electrowinning purposes. From fused salt 
baths operated on a laboratory scale, coatings of Mo about 
0.25 mm thick and coatings of Ti and Al about 0.025 mm 
thick have been obtained, but thus far no commercially 
successful process has been developed. Fused electrolytes 
are not discussed further in this paper. 

Those metals which can be deposited from aqueous 
solutions can also be deposited from nonaqueous media, 
but such plating solutions are at present of no practical 
importance. In the following discussions, to distinguish 
between those metals which can and those which cannot 
be deposited from aqueous solutions, the latter group is 
referred to as the nonaqueous or “NQ” metals. The fol- 
lowing discussions apply only to the NQ metals, unless 
otherwise noted. 

Researches reported here deal with the use of organic 
solvents in plating baths. A nonaqueous plating bath 
which is liquid at room temperature has obvious ad- 
vantages over a fused salt bath which must be operated 
at elevated temperatures, Some inorganic liquids, such as 
liquid NHs, liquid SO., and hydrazine, have been studied 
as media for depositing metals, but none of the NQ metals 
has been deposited from them; therefore, they are not 
considered further in this paper. Organic compounds which 
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melt at a sufficiently low temperature, e.g., 100°C, so that 
they can be handled with about the same ease as ordinary 
organic solvents may be considered as intermediate be- 
tween fused salt baths and organic liquids. In contrast 
with the universality with which metals have been de- 
posited from fused salt baths, few of the NQ metals have 
been deposited from organic solvents. Until recent years 
no satisfactory plating bath had been developed for de- 
positing an NQ metal as a sound coating with good 
mechanical properties. 

Although the literature contains a number of publica- 
tions on the electrodeposition of metals from organic 
baths, the coverage of the field has been rather desultory. 
Work reported in the literature covers a wide miscellany 
of electrodepositions ranging from the alkali metals to 
some of the more noble metals which are not in the NQ 
group, e.g., Cu. In addition to the alkali metals, the 
literature touches on electrodeposition of Mg, Be, Ge, 
and Al, the last metal probably receiving the largest 
amount of attention. The practical accomplishments re- 
ported in the literature are disappointing. Mg was de- 
posited from Grignard reagents (1), but in a mossy form 
which probably was heavily contaminated with organic 
matter. The reported electrodeposition of Be (2) from 
NH; and other solvents has not been substantiated here. 
Deposition of Ge (3) from a glycol type of bath occurs 
with very low cathode current efficiency. Deposition of Al 
from organo-metallic compounds of the alkyl type or 
from Friedel-Crafts reagents (4) did not yield deposits 
having good mechanical properties. The n-ethylpyri- 
dinium bromide-AICl; bath of Hurley and Wier (5) was 
probably the first organic bath for satisfactorily deposit- 
ing an NQ metal. It yielded the best deposits of Al ob- 
tained from an organic bath up to that time. However, this 
bath is more like a fused salt bath than the organic solvent 
type of bath of interest here. The recent development of 
an organic Al plating bath (6) based on the utilization of 
hydrides encouraged further studies of baths containing 
organic solvents. 


GENERAL PRINCIPLES 


The failure of early workers in electrodeposition to 
obtain active metals like Al from water solutions was 
clearly understood. It is known that electrodeposition of 
a metal usually requires a potential which is less noble 
than its standard electrode potential. Potentials which 
‘an be reached at the cathode in aqueous solution ar 


Vol. 


limite 
disch: 
value 


simp 
solve 
more 
port 
elect 
How 
from 
limit 
For 
pure 
elect 
eg. 


(¢ 


| make 
7 Zn 
In 
meta 
it we 

4 
Th 
| the 
the 
| val 
rev 
sta 
dey 
| aq 
ap 
me 
cig 
de 
ta M 
all 
| | al 
m 
| fr 
of 
| al 
tr 
be 
di 
4 
| a 

4 


that 
linary 
te be- 
ntrast 
n de- 
have 
years 
r de- 
good 


blica- 
ganic 
tory. 
llany 
Is to 
» NQ 
, the 
Ge, 
rgest 
S re- 
s de- 
form 
panic 
from 
here. 
CCUrs 
of Al 
or 
sits 
pyri- 
was 
osit- 
| ob- 
this 
vent 
it of 
yn of 
ning 


n to 

was 
mn of 
oble 
hich 


Are 


4 


Vol. 103, No. 12 


limited by the discharge of H which, fortunately, usually 
discharges at a potential less noble than its equilibrium 
value, sometimes by as much as | v. This overvoltage 
makes possible the electrodeposition of a metal like Zn 
which is less noble than H, because H is discharged on a 
Zn cathode less readily than is Zn itself. 

In view of the important role of H in determining which 
metals can or cannot be deposited from aqueous solution, 
it was assumed that the NQ metals could be obtained by 
simply electrolyzing solutions of their salts dissolved in 
solvents which have no active H or in which the H is 
more firmly bound than in water. This hypothesis is sup- 
ported by the fact that alkali metals are obtained by 
electrolysis of solutions of certain salts in organic solvents. 
However, the failure of some of the NQ metals to deposit 
from aqueous media is not explained satisfactorily by the 
limitation imposed by the preferential discharge of H. 
For example, W, Mo, and Ge cannot be deposited in the 


‘ pure state from aqueous solutions, yet their theoretical 


electrode potentials for reduction from acid solutions, 
calculated from thermodynamic data, are close to zero, 
e.g. (7): 


(a) WO; + 6H* + 6e — W + 3H,0 


= —0.09 v 
(b) H:GeO;(aq) + 4H+ + 4e > Ge + 3H,0 

E® = —0.131 
(c) Get* + 2e — Ge E* =0 
(d) H.MoO,(aq) + 6H* + 6e — Mo + 4H,O 

=0 


The negative sign of the electrode potential indicates that 
the electrode of the metal in question is less noble than 
the standard H electrode. The potentials are approximate 
values and are calculated rather than measured, since no 
reversible electrodes for these metals have been prepared. 
A further uncertainty in these values exists because the 
state of the ion in solution is not fully known. 

If the electrode potentials were the only criterion of 
deposition, these metals could be electrodeposited from 
aqueous solutions, since in acid solutions their potentials 
appear to be more noble than those of easily deposited 
metals like Ni or Co. The fact that alloys containing appre- 
ciable contents of W, Mo, or Ge can be obtained from 
aqueous solutions supports the view that the theoretical 
deposition potentials of these metals are not very negative. 
Moreover, the deposition potentials of Ni-W and Co-W 
alloys are more noble than those for the Fe-group metal 
alone (8), and this fact is additional evidence that the 
potential of-W is more noble than that of the Fe-group 
metals. 

The reason that some of the NQ metals do not deposit 
from aqueous media may lie in some kind of nonreactivity 
of their lower valent ions with electrons at the cathode, 
and not on the difficulty of attaining the equilibrium elec- 
trode potential. If this view is correct, the NQ metals can 
be divided into two groups: class 1, those which cannot be 
deposited from water solutions because their deposition 
potentials are too negative, and class 2, those which have 
a deposition potential theoretically attainable in water 
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solution but whose ions do not react at the cathode. 
Attempts to deposit NQ metals of these two classes require 
different approaches. Metals of class 1, e.g., the alkali 
metals, can be deposited by utilizing solvents in which the 
H is more tightly bound. This type of deposition is fairly 
easily achieved, but a considerable difficulty has been 
encountered in establishing conditions for depositing NQ 
metals of class 2 because no knowledge exists for predicting 
the types of ions most likely to react at the cathode. 

The question now arises as to whether or not organic 
solvents have any advantage over water in bringing about 
the deposition of the NQ metals of class 2, since with these 
the preferential discharge of H is not the controlling factor. 
There are two possible advantages of the organic solvents. 
First, a larger variety of complex ions can exist in organic 
solvents. Water is such a reactive solvent that many com- 
plex ions are immediately hydrolyzed. Second, if the 
electrolytic decomposition of the organic solvent requires 
a higher potential than that of water, perhaps a sufficiently 
high voltage can be attained to bring about reaction of the 
ions of the NQ metals of class 2. 

At the present time sufficient data are not available to 
divide into classes 1 and 2 the NQ metals of particular 
interest here. However, it is believed that Al and Be are 
probably of class 1. These two metals are relatively easily 
deposited from organic solvents. The lack of success in 
depositing pure Ti, Zr, or Mo from organic solvents indi- 
‘ates that these metals may belong to class 2. The fact that 
Ti and Zr can be codeposited with Al lends support to the 
view that they belong in class 2. Probably the best way to 
classify the metals would be to calculate the theoretical 
reversible electrode potential in the solvent of interest. 

The literature on electrodeposition of NQ metals from 
organic solvents is rather sparse and is of little help in 
devising means to electrodeposit a particular member of 
the NQ group. For such a study several thousand organic 
solvents and several hundred compounds of each element 
might be utilized. For a completely empirical approach 
this would present an almost unlimited number of com- 
binations. 

There are some loose concepts that (a) solvents having 
a high dielectric constant are the best for producing ioniza- 
tion of solutes (9-15), and (b) solid substances having ionic 
bonds in the crystal tend to ionize readily in solution 
(16, 17). These ideas have led to the tacit assumption that 
metals are most likely to be deposited from solutions com- 
posed of substances (a) and (6). Consequently, most of the 
nonaqueous solutions investigated consist of ordinary 
salts that yield conducting solutions in water, dissolved 
in polar solvents, 

In contradiction to (a) it was found that ordinary ethy] 
ether, which has the very low dielectric constant of 4.3 
as compared with 80 for water, was the best solvent for 
depositing the particular NQ metals studied. While some 
relation may exist between the conductivity of a solution 
of a given solute and the dielectric constant of the medium, 
conductivity is not a sufficient criterion of a satisfactory 
medium for electrodeposition. In the course of the re- 
searches to be described, many conductive solutions were 
obtained with a variety of organic solvents, but few yielded 
a metal on electrolysis. 
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The following observations concerning (b) show that the 
ionic nature of chemical bonds does not alone determine 
conductivity, as the role of the solvent is equally im- 
portant. In the course of the investigations many examples 
were found in which a compound yielded a conducting 
solution in one solvent but not in another. For example, 
silver perfluorobutyrate, which is a salt and forms a con- 
ducting solution in water, does not form a conducting 
solution in benzene, although it is highly soluble. Another 
example is MoCl; which forms a conducting solution in 
water, a poorly conducting solution in ether, and a non- 
conducting solution in toluene. Thus, the property of two 
substances to yield a conducting solution is about as 
specific as chemical reactivity. Discussion of points (a) and 
(b) shows that, at present, data on the physical properties 
of solvents and solutes are inadequate for predicting 
whether a given solution will conduct and is still less useful 
for predicting whether the solution will yield a metallic 
deposit on electrolysis. However, experience here with NQ 
plating has resulted in some loose generalizations which 
make the search for plating baths somewhat more system- 
atic. 

It is concluded that the chemical nature of the solvents 
and solutes, not the dielectric constant of the solvent or 
the crystal structure of the compound, is the prime factor 
that determines whether a solution will conduct or whether 
a metal can be deposited from it. Only certain classes of 
solutes and solvents form plating baths, and for this to be 
possible, a loose ionic complex must form between solute 
and solvent. In the absence of the complex, no conductivity 
occurs. If the complex between solute and solvent is too 
stable, conductivity may occur, but not metal deposition. 
The complexes that ionize to give a conducting solution 
often exist only in solution. The aluminum hydride plating 
bath illustrates the specificity involved in forming plating 
baths from organic compounds. Both AICI; and lithium 
aluminum hydride in diethy! ether form poorly conducting 
solutions, which do not yield a satisfactory deposit. If the 
two solutions are mixed, the resulting solution is a good 
conductor and on electrolysis vields a smooth, coherent 
deposit of Al. 


Tyres or SOLUTES AND SOLVENTS Usep FoR ELEcTRO- 
DEPOSITION OF AL, Bre, Ma, T1, AND ZR 


The following discussion contains generalizations con- 
cerning types of solutes and solvents which in this re- 
search were found most satisfactory for depositing the 
following metals or their alloys: Al, Be, Mg, Ti, and Zr. 
The last two metals were not obtained in the pure state, 
but as Al alloys. 

Solutes.—Only a few types of metallic compounds were 
satisfactory as solutes for plating baths. In general these 
were simple compounds of low molecular weight, and any 
organic radicals present were rather small. Only the follow- 
ing four classes gave any promise of success: halides, 
hydrides, borohydrides, and organo-metallic compounds. 
Of these compounds the halides and organo-metallic 
compounds had been used before. The use of hydrides and 
borohydrides constitutes an advance in the field. No single 
solute yielded the optimum plating bath. Usually two of 
these four types of compounds had to be present. For 
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example, the hydride aluminum plating bath required 
both AIC]; and aluminum hydride. 

These solutes contain no oxygen or N. From solutes in 
which the metal atom is directly bonded to oxygen or 
N, none of the five metals mentioned above could be 
deposited. Apparently, the bond between the metal and 
oxygen or N is too strong. For example, magnesium per- 
chlorate or aluminum perchlorate are soluble in organic 
solvents, but do not yield metallic deposits on electrolysis, 
whereas the halides yield a metallic deposit, although 
powdery and of poor quality. 

The number of compounds in any class of solute that 
is satisfactory in plating baths is limited. For example, the 
organo-metallics, dimethylberyllium and diethylberyllium 
in ethyl ether, yield a metallic deposit on electrolysis, 
but the pheny! derivative does not even form a conducting 
solution in ether. Similarly, the borohydrides of Be, 
Al, and Mg in ether yield metallic deposits, whereas the 
borohydrides of Ti and Zr in ether are not even condue- 
tive. As another example, the chloride-hydride type of 
plating bath yields good electrodeposits of Al but very 
poor deposits of Be or Mg. These examples show that the 
solutes which must be used for depositing each of the five 
elements discussed here are rather specifie and limited in 
application. 

Solvents.—As a result of numerous experiments with a 
variety of solvents, the following generalizations were 
reached. The solvent must have sufficient chemical reac- 
tivity to form, with the solute, a coordination compound 
that is not too stable. This requirement at once eliminates 
nonreactive liquids, such as paraffin hydrocarbons and 
some of their halogen derivatives, which do not readily 
coordinate. A large variety of organic liquids form coordi- 
nation compounds with the four ty pes of solutes mentioned 
above. Among these are oxygen-containing compounds 
such as alcohols, ethers, ketones, acids, and acid anhy- 
drides; N-containing compounds, such as amines, amides, 
and nitriles; and unsaturated hydrocarbons, such as 
benzene and toluene. The molecules of these solvents have 
an active center consisting of an atom of either N, oxygen, 
or C, that is capable of coordinating with other compounds. 
From all these types of solvents, electrodeposits were 
obtained only from baths of ethers and aromatic hydro- 
‘carbons. It would appear that all the other solvents formed 
too stable a complex with the solute. Apparently the 
ethers are the best solvents because the oxygen atom 
coordinates sufficiently, but not too strongly, with the 
four types of metallic solutes which were investigated. Of 
the ethers investigated, ordinary ethyl! ether yielded the 
best plating baths for the five metals with which this 
research was concerned. 

The foregoing discussion applies only to the five NQ 
metals, Mg, Al, Be, Ti, and Zr, with which this research 
dealt, and the conclusions do not necessarily apply to 
other NQ metals. It is believed, however, that with the 
exception of the alkali metals and a few others, e.g., Ge, 
the conclusions are valid for the NQ metals. Some of the 
alkali metals can be deposited from solutions of their 
salts in alcohols and ketones, whereas the NQ metals 
discussed in this report cannot be deposited from these 
solvents. In particular, Li can be deposited so readily from 
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Fic. 1. Cells for electrolysis of nonaqueous solutions in 
absence of air. A slow current of A is passed through each 
cell during operation; a fast current when electrodes are 
removed or introduced. Cells are numbered from left to 
right 1-4. Cell 1 is of the Dewar type for use with low boiling 
liquids such as NHs. Cell 2 is a simpler type. Between these 
two cells are shown the electrodes enclosed in glass chim- 
neys. Cells 3 and 4 are of all glass construction. Cell 3 has 
a Hg seal valve for escape of excess pressure. Cell 4 has a 
condenser for volatile liquids. 


Fie. 2. Resin reaction vessel used as electrolytic cell for 
larger volumes of solution than can be handled by cells in 
Fig. 1. 


a variety of organic solvents that it often constitutes a 


nuisance, if Li complexes of the NQ metals are used for 
solutes. The deposition of Li prevents the potential from 
rising high enough to deposit the NQ metal. Apparently, 
the lower coordinating power of the alkali metal salts 
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RUBBER TUBE 


Fic. 3. Atmosphere lock for removing or introducing 
cathodes without ingress of air. (a) To flush the system after 
connecting the sample tube, previously loaded in an inert 
atmosphere chamber: Stopcock 2 is closed and stopeocks 
1, 3, and 4 are opened while the system is evacuated. Stop- 
cock 1 is closed, and the system is returned to atmospheric 
pressure by opening stopcock 2 to admit A. (b) To remove 
cathode: cathode is pulled up beyond the balloon which is 
then inflated to the desired size by closing stopcock 3 and 
opening 2 and 4. (c) To replace cathode: stopcocks 2 and 3 
are opened and the chimney flushed while the balloon is 
inflated. Stopeock 2 is then closed and 4 is opened so that 
the balloon reduces to original size. Cathode can then be 
lowered into sample bath. 


compensates for the higher coordinating power of the 
more active organic solvent. It seems paradoxical that a 
very active metal like Li is readily electrodeposited from 
organic solvents, whereas inert metals like Mo and W 
have not yet been deposited. 

The results which were obtained in the present studies 
of electrodeposition from nonaqueous media may be 
summarized as: (A) The following metals and alloys were 
deposited: Be, Be-B alloy, Mg-B alloy, Mg-Al alloy, Ti-Al 
and Zr-Al alloys. (B) Borohydrides and hydride complexes 
were introduced as solutes for plating the NQ metals. (C) 
The evaluation of a variety of solvents has shown that 
ethers in general, and ethyl ether in particular, are the 
best media for the electrodeposition of the NQ metals. 


APPARATUS 


To complete this general survey, a brief description is 
given of the apparatus used for the nonaqueous electro- 
lytes with which the other four papers of this series are 
concerned. 

Electrodeposition of metals from nonaqueous media 
involves the use of solutes which are very sensitive to 
moisture and/or to oxygen. This situation necessitates 
the use of special equipment for conducting both the 
preparation of the compounds and the electrolysis of their 
solutions in a moisture-free and /or oxygen-free atmosphere. 
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For example, AIC]; absorbs moisture very rapidly from the 
atmosphere and may become useless for an Al plating 
bath if weighed in the open. Be and Al borohydrides are 
spontaneously inflammable and may explode when air is 
introduced into the apparatus. Dimethylberyllium is 
also spontaneously inflammable, and its ether solution 
absorbs traces of oxygen, the cumulative effect of which 
eventually ruins the bath. 

The classical way of handling these sensitive compounds 
is in all-glass apparatus. This necessitates using special 
valves, breaking internal glass seals with an iron ball and 
magnet, sealing off parts of the apparatus with a flame, 
ete. Such methods proved far too cumbersome for this work 
which required compounds in larger quantities than the 
gram lots which are normally handled in sealed glass 


apparatus. In order to carry on the program expeditiously 


inert atmosphere chambers were constructed because at 
that time they were not available commercially with all 
the required features. These chambers were described in a 
recent publication (18). 

Although the inert chamber was indispensable for mak- 
ing preparations and for handling sensitive materials, 
electrolysis of solutions inside the chamber proved to be 
rather cumbersome. Difficulties encountered in removing, 
observing, testing, cleaning, and replacing electrodes 
led to development of special electrolytic cells such as 
those shown in Fig. 1. An atmosphere of A was maintained 
in or passed through the cell. When a cathode was removed 
for inspection, it passed upward through a long glass 
chimney through which a rapid stream of A was issuing, 
to prevent ingress of air. The replacement of electrodes 
was done similarly. These cells operated quite satisfac- 
torily for baths of 25-50 ml. For larger baths, resin-reac- 
tion flasks, shown in Fig. 2, with tubulated glass covers 
were used. In some experiments a more positive exclusion 
of air was required during removal and replacement of 
electrodes. This was accomplished by an air lock consisting 
of small rubber balloons, dime-store variety, which were 
inflated so as to close off the chimney when the electrode 
was removed. This is shown diagrammatically in Fig. 3. 
The cathodes most convenient for exploratory work were 


Cu or Au rods about 6 mm in diameter. An Al rod was 


frequently used as anode because it dissolved readily, and 
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e amounts of Al introduced into the bath were not suff. 
‘nt to affect the cathode deposits in the short time that 


a solution was investigated. 


Manuscript received October 12, 1955. This paper was 


prepared for delivery before the Boston Meeting, October 


3-7 


Se 


1 


7, 1954. 
Any discussion of this paper will appear in a Discussion 
ction to be published in the June 1957 JourNAL. 
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Electrodeposition of Metals from Organic Solutions 


Il. Further Studies on the Electrodeposition of Aluminum from a Hydride Bath 


Jean H. Connor anp ABNER BRENNER 


National Bureau of Standards, Washington, D. C. 


ABSTRACT 


Stability and operating life of the hydride aluminum plating bath were improved, 
and addition agents were found which permit thick deposits suitable for electroform- 
ing work. Adhesion of Al to other metals was studied. A model continuous-strip Al 


plating unit is described. 


A process for the deposition of smooth, ductile, and 
coherent Al was described by Couch and Brenner (1). 
The metal was deposited from an ethereal hydride bath, 
operated at room temperature, which showed proinise for 
commercial Al plating. It differed from other nonaqueous 
baths in that a hydride was used as a primary constituent 
of the bath, and that ordinary ethy] ether was the solvent. 
The plating solution consisted of an ethereal solution of 
2-3M AIC]; and 0.5-1.0 M lithium hydride. Lithium 
aluminum hydride could be used in place of lithium hy- 
dride, but sodium and calcium hydrides were insufficiently 
soluble. 

The appearance of the deposits depended on conditions 
of plating and on the amount of hydride present. With a 
low hydride concentration (0.25-0.4M), deposits were 
stressed, brittle, and dark in color, and at a still lower 
concentration of hydride, no deposition occurred at all. 
The hydride as well as the AIC]; in the bath was decom- 
posed by moisture of the air; therefore plating was con- 
ducted in closed containers. It was possible to add lithium 
hydride 2 or 3 times to rejuvenate the bath, but eventually 
this was not effective. 

The present paper describes improvements in composi- 
tion and operation of the bath (1). 


STABILITY OF THE Batu 
Preliminary Studies 


When attempts were made to clectroplate on a larger 
scale, for example with baths of 15-1 volume, it was evident 
that improvement was necessary because the baths could 
not be operated for more than a few weeks despite efforts 
to rejuvenate with additional lithium hydride. This was 
surprising because samples of the bath that had been 
sealed for 6 months still plated satisfactorily. A study of 
the stability of the solution and of the operating life was 
therefore made. 

It was first thought that even a trace of moisture was 
detrimental to bath life, but it was found that a solution 
3.3M in AIC]; tolerated up to 3.7 g water /l and still produced 
a good deposit. The water was added in the form of wet 
ether. 

Some attempts were made to improve the stability of 
the solution by adding other hydrides, vacuum distilling, 
ete. Since these attempts were not successful, they are not 
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discussed here, but a summary of the experiments is given 
in Table I. 

Al deposits were also obtained on electrolysis of various 
other nonaqueous solutions (Table II); however, none of 
the baths was as satisfactory as the hydride bath with 
regard to appearance of the Al and stability of the solution. 

The effect of the atmosphere on the bath was studied to 
determine the extent of decomposition by oxygen, CO», 
and moisture. Baths of 300-ml capacity were subjected to 
streams of dry CO.-free air, pure CO, and air saturated 
with water. The decomposition rate of the solution was 
followed by observing the change in hydride concentration. 
These baths were compared with 3 controls: one bath which 
was electrolyzed continuously and two “standing’”’ baths, 
not electrolyzed, one of which was opened to the atmos- 
phere daily for analysis and the other opened weekly. This 
experiment showed that bubbling oxygen, CO2, or mois- 
ture-laden air through the solution had a deleterious effect 
and could destroy the bath within a few hours. In the case 
of the “standing” control baths where the solution was 
not exposed to this extent, the one opened to the atmos- 
phere for a few minutes a day lasted two weeks, while the 
one opened weekly lasted four weeks. The bath electro- 
lvzed continuously lasted nearly four days. Since there 
appeared to be both an electrolytic decomposition and a 
spontaneous decomposition, the effect of each was studied 
under more refined conditions. 

Spontaneous decomposition was observed by measuring 
the amount of gas evolved by a sealed sample of the 
plating solution. .\ 20-ml portion of the solution was sealed 
in a glass tube, and the gas given off was measured in a 
buret over Hg (see Fig. 1). Fig. 2 shows the relative 
decomposition rates of two solutions containing lithium 
hydride, one at a concentration of 10 g/1, and the other, 
5 g/l. The solution higher in hydride gave off more gas 
during the run. It appeared that spontaneous decomposi- 
tion was not rapid enough to be entirely responsible for the 
short life of the baths. The faster rate of decomposition at 
the onset of the experiment was probably due to a reaction 
of the solution with the air that was admitted to the tube 
at the same time as the solution. 


Effect of Electrolysis 


Electrolysis caused a much more rapid rate of decompo- 
sition as seen by the sudden increase in the volume of gas 
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TABLE I. Summary of experiments to improve 
stability of the AlCls-lithium hydride bath 


Experiment Purpose Result 


1. Vacuum dis- | Remove impuri- Much residue con- 


tillation of ties. Recover taining Al left in 

* deteriorated plating solu- distilling flask. 

bath tion. Distillate con- 
sisting of AICI, in 
ether yielded 
good deposits on 
electrolysis when 
hydride was 
added. 

2. Addition of Too reactive with 
Grignard the bath. No im- 
reagents provement in de- 

posit. 

3. Addition of dry | Precipitate im- | Insoluble preeipi- 


liquid NH; tate formed. No 
deposit obtained. 
Precipitate formed 
with LiATH,. No 
deposit obtained. 


purities 


4. Addition of 


Improve conduc- 
tivity 


given off when the solution was electrolyzed by means of 
the electrodes in Fig. 1. The volume of gas evolved during 
continuous electrolysis for 1.5 days was greater than the 
volume of gas given off by the solution on standing for the 
preceding 40 days (Fig. 2). The gas evolved during elec- 
trolysis was found by mass spectrochemical analysis to 
be Hy. 

To study further the effect of electrolysis, the solution 
was electrolyzed in a U-tube (Fig. 3), and the volume of 
gas given off at each electrode was measured. The volume 
from the anode was 2} times that from the cathode, 
indicating greater decomposition at the anode. This obser- 
vation suggested the use of a diaphragm around the anode 
to confine deterioration of the bath to a small volume. 
The following materials were found to be insufficiently 
porous for diaphragms as evidenced by the high voltage 
required for deposition: neoprene, buty], silicone, and nat- 
ural rubbers, a self-vuleanizing rubber, polyethylene, and 
glass cloth. Alundum thimbles were unsatisfactory as 
anode compartments because electroosmosis occurred. 
The anolyte passed slowly into the cathode compartment 
during electrolysis, leaving the anode almost uncovered and 
thus raising the voltage of the bath. The increase in 
volume of catholyte raised the level of the solution and 
caused it to overflow back into the anode section. Thimbles 
made of ordinary cellulose pulp were satisfactory inasmuch 
as they were sufficiently porous as well as unattacked by 
the solution. They must be thoroughly dried before use. 
Experiments with baths of 500-ml volume showed that 
after about one week of continuous electrolysis the hydride 
in the anolyte was almost depleted, while the catholyte 
had only about a 10% loss in hydride. Without a dia- 
phragm, a bath operated under the same conditions had 
about a 30% loss in hydride after one week of electrolysis. 
Small amounts of hydride were then added to the anode 
compartment to maintain the electrode efficiencies of the 
bath. When the anolyte became tarry and viscous (after 
about three weeks of continuous electrolysis) it was 


5 


TABLE II. Variatio 


Solution 


. + butyllithium in 
ether 


. AIC]; + lithium borohy- 
dride in ether 
. Al alkyls: 


(a) 


(b) 


Ethylaluminum bro- 
mide 
Ethylaluminum_bro- 


mide + ethylsodium | 


. AICI]; or AlBr; in toluene 
or benzene, HgeCl. as 
catalyst 

. Aluminum borohydride in 
ether 


. Ethers: 
(containing AIC}; + hy- 
dride or added to work- 
ing bath) 


(a) 
(b) 


(c) 
(d) 


(e) 
(f) 
(g) 
(h) 
(i) 


(k 


(1) 


Fic. 1. Apparatus for measuring volume of He evolved by 


Benzyl ethy! ether 
Bis (2-ethylhexyl) 
ether 
Benzyl! ether 
Ethylene glyeol di- 
benzyl ether 
Methyl benzyl ether 
p-Diethoxybenzene 
n-Methylmorpholine 
Morpholine 
Ethylene glycol di- 
methyl ether 
Diethylene glycol di- 
methyl ether 
Triethylene glycol di- 
methyl ether 
Tetraethylene glycol 
dimethyl] ether 


December 1956 


ns on bath composition 


Result 


Fair deposit of Al, but Licode- 
posits at high concentra 
tions of butyllithium 

Yielded only black deposits 
on electrolysis 


Deposits Al on long elee- 
trolysis 
| Deposit and conductivity 
improved with addition of 
| ethylsodium 
| Deposited only Hg 


| Deposit of Al obtained. Im- 
proved with addition of 
AICI; and/or LiH 

AICI; not sufficiently soluble 
or ether reacted with the 
bath 


A=Mercury 
B=Goas Burette 
C=Plating Solution 


plating solution on standing or by electrolysis. 
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(+) (+) 
140 
120 
Electrolyzed 
100 
20 
s LiH, 10 g/l 
60 
> 
40 Cc 
LiH, 5 g/l 
20 
A=Gas Burette 
B=Mercury 
10 20 30 40 50 60 70 80 C=Plating Solution 
Time, Days 


Fic. 2. Rate of Hz evolution from 20 ml samples as meas- 
ured by apparatus in Fig. 1. 


siphoned out and replaced by fresh plating solution. This 
procedure extended the bath life considerably. 


Major Factors Affecting Bath Life 


The term “bath life” is used here as a measure of the 
quantity of good Al that can be deposited from the plating 
solution. It is expressed in terms of F/1 of solution. At- 
tempts were made to keep the baths operating at optimum 
efficiency during life tests. A newly prepared ° solution 
operated at 100% efficiency, but use of anode diaphragms 
decreased the cathode efficiency to 93-94%. The normal 
rate of deposition of 100% efficiency is 1 mil (0.025 mm) / 
hr at a current density of 2 amp/dm?. 

In further experiments on bath life, the detrimental 
effect of the atmosphere was largely obviated by using 
tightly sealed plating vessels that were flushed with an 
inert gas when the vessels were opened. Spontaneous 
decomposition may be considered to be a minor factor 
affecting bath life. Important factors are (a) bath composi- 
tion and (6) operating conditions. 

Bath composition. Bath life depended on its composi- 
tion. The main variables of composition were: type of 
hydride, type of solvent, and concentration of AICI. 
Addition of lithium aluminum hydride rather than lithium 
hydride more than doubled the bath life. Ethyl ether was 
proved superior to several other solvents regarding bath 
life, even though some mixed ether baths gave satisfactory 
deposits (see Table III). 

The bath life was approximately proportional to the 
concentration of AIC]; in solution, e.g., the life of a 3M 
bath was about three times that of a 1M bath. Baths 1, 2, 
and 3 of Table IIT show a direct relationship between the 
concentration of AIC]; and the bath life. Experiments 
indicated that the amount of Al obtainable as good 
deposits was equal to the amount of Al originally present 
in solution as AlCl;. This amounts to about 80 g of Al for 
a 1-] bath, 3 M in AICl;, which is equivalent to the passage 
of 9 F. When approximately 9 F had passed through the 
bath, the deposits became inferior, even though the hy- 


Fic. 3. Apparatus for measuring volume of gas evolved 
at each electrode. 


dride concentration was normal. It was found that more 
AIC]; could be added at this point to prolong the bath 
life. The dependency of bath life on the initial AIC]; content 
of the baths is rather odd, because the anodes maintained 
the initial concentration of Al in solution. It is apparent 
that the Al dissolved at the anode to form a new ionic 
species that did not deposit at the cathode. Further evi- 
dence of -a change in bath structure is the fact that the 
solution at the anode became viscous and was not com- 
pletely soluble in ether. 

Operating conditions.—The bath life under actual operat- 
ing conditions was determined in terms of F/I by electrolyz- 
ing small baths continuously, changing one variable at a 
time. Table III shows the results of representative electro- 
lytic life tests. The criterion for the end of the life tests 
was the appearance of the deposits. If they were dark, 
stressed, or if on standing they absorbed moisture and 
corroded, the bath was considered no longer serviceable. 
As deterioration of the quality of the deposits occurred 
gradually, the endpoint of the test was not definite, but 
involved a personal equation. For this reason reproduci- 
bility of the short life-tests was of the order of 50%. 
These baths were run at a current density of 0.5 amp/dm? 
because the 1M AIC]; bath had low conductivity and could 
not be operated at a higher current density. The 1M and 
2M baths also showed an undesirable tendency to form 
two immiscible layers after a few days of operation or when 
more hydride was added. For these reasons the AICI; 
concentration was chosen as 3M for the rest of the life 
tests and for plating in general. At higher concentrations 
the solution became more viscous and the hydride solu- 
bility decreased. Comparison of experiments 3 and 4 
(Table IIT) shows that with a higher amperage effected by 
using larger electrodes, there was an increase in bath life, 
probably because there was less time for spontaneous 
decompesition to oecur. Lithium aluminum hydride 
dissolved in worked baths even after lithium hydride 
failed to dissolve. Lithium aluminum hydride was added 
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TABLE ILI. Life tests on hydride Al plating baths 


Cone. of | C.D Total bath life 
No. | Remarks 


Days | Faradays/| 


Baths with no diaphragms 


1 l 0.5 6 0.7 LiH used 

2 2 0.5 11 1.1 LiH used 

3 3 0.5 18 2.3. LiH usedt 

4 3 0.5 10 4.1 Amperage three 
times that of No. 
3, by using larger 
electrodes 

4A 22 LiAlH, added to 
Bath No. 4 

Baths with diaphragms 

5 3 | 0.7-1.0| 67 12.2 LiAlH, to rejuve- 
nate. Alundum 
diaphragm. Elec- 
troosmosis 
curred. 

6 3 1-2 59 17.0 | LiAIHy throughout. 
Addition of solid 
AIC];. Alundum 
diaphragm. Elec- 
troosmosis oc- 
curred. 

7 3 2-3 60 30.0 | Paper diaphragm, 


LiAIH, and AICI, 
additions. 


Mixed-solvent baths* 


Solventt by 
Vol 


8 Phenyl 50 18 3.1 Cathode effic.: 60 


ether* 70% 
9 Anisole 5O 10 3.2 
10 Toluene 25 1 0.2 


* Diaphragm and LiAlH, used. 

+t Ethyl ether was used for remainder. 

t This is the life of the plating solution described in 
previous publication (1). 


to the bath of experiment 4 and the bath life was thereby 
extended to 22 days, or 7.7 F/I of solution. 

The next series of life tests (Table III) show the 
effect of anode diaphragm on the bath life. Experiment 7 
represented a culmination of preceding improvements and 
developed the longest bath life. This bath accommodated 
30 F/I, lasting 60 days. The number of days is not too 
significant, e.g., bath 5 lasted a week longer, but only 12 
F/l were passed through it. In experiment 7, lithium 
aluminum hydride was used throughout the life of the bath, 
and AICl; was added by replacing the anolyte with fresh 
plating solution or by adding solid AIC], to the bulk of the 
solution. The total weight of the deposits from this bath 
was 250 g/I of plating solution, indicating an over-all cath- 
ode current efficiency of 93.5%. It should be possible to 
extend the bath life even longer than 30 F/I of solution, 
because a filtered portion of bath 7 continued to yield 
satisfactory deposits. 


December 1956 


A 12-1 plating bath was kept in operation for intermittent 
plating for over 18 months. Paper anode diaphragms were 
used, and lithium aluminum hydride in ether solution was 
added to maintain the hydride concentration. 

Good deposits have been reported (1) using anisole, 
phenetole, or phenyl ether, respectively, mixed with 
ethy] ether as the solvent in the bath. In the present study, 
life tests were performed on these baths. Table III shows 
that none of the baths containing mixed solvents had 4 
life comparable to that of the bath made up with cthy| 
ether alone. For example, the phenyl ether bath (50% 
volume, experiment 8) produced good deposits, but had a 
bath life of only 3.1 F/I. The current efficiency of this bath 
was also very low. Several other ethers were evaluated 
for the purpose of producing a less volatile and less flam- 
mable solution, but none yielded as satisfactory deposits 
as the ethyl ether bath. The majority of the ethers listed 
in Table II were too reactive when added to the bath. 


Adhesion 


Al plated on cleaned and dried base metals was satis- 
factory but nonadherent, and the deposits could be peeled 
off readily. Procedures for obtaining adhesion are de- 
scribed below. In all cases, the degree of adhesion was 
judged by severe mechanical tests on deposits about 0.15 
mm thick. 

Al adhered excellently to Ti, to 28 and 248 Al, and to 
electrodeposited Al. These metals were etched anodically 
in the bath to give a clean, bright surface and were then 
made cathodic. Al plated in this way had a high degree of 
adhesion. Interrupting the current during Al plating some- 
times resulted in formation of nonadherent layers. There- 
fore, as a precautionary measure, when the current was 
interrupted the specimen was treated anodically in the 
bath before plating was resumed. 

If other metals were anodically etched in the bath, 
it decomposed, and the metals were soon covered with a 
heavy smut of organic matter which prevented subsequent 
adherent plating. 

Good adhesion has been obtained to Cu, brass, steel, 
Ag, Cr, and Zn. (See Appendix for plating procedure.) 
Schickner (2) reported good adhesion to steel by immersing 
the specimen, after cleaning, in an ethereal solution of a 
fatty acid such as oleic acid prior to plating. Several other 
organic acids (not necessarily fatty acids) have been 
found which can be used to obtain adhesion to the above 
metals. Salicylic, benzoic, pyrogallic, phenylacetic, and 
heptafluorobutyric acids have been satisfactory, with 
salicylic acid giving the most consistent results. In trans- 
ferring the specimen to the bath from the acid-ethereal 
solution, the ether evaporated, leaving a coating of acid 
crystals which in turn reacted with the plating solution. 
Whether the resulting foaming action in the bath further 
cleaned the metal surface is not known. The results with 
steel, using salicylic acid, have not been very consistent. 
However, treating the steel with Quilon, a chromium 
complex in 2-propanol, has produced very good adhesion. 

Plating on Mg was not satisfactory. Mg displaced A] 
from the solution without current, and deposits obtained 
by electrolysis were thin and blistered. 
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AppITION AGENTS 


An addition agent that would reduce the crystallinity 
of deposits and allow thicker deposits to be built up was 
almost a necessity in electroforming objects of Al. Without 
an addition agent, deposits over 0.3 mm became nodular. 
Several articles were electroformed from baths containing 
po addition agents by a process involving a series of alter- 
nate plating and machining steps until the desired thick- 
ness was reached. 

The smoothing effect of a number of representative 
compounds having various functional groups was evaluated 
by adding them to baths of 50-ml volume and comparing 
thick deposits obtained on rods 0.5 em in diameter with 
deposits from an ordinary bath. The majority of com- 
pounds reacted violently with the bath, shortened the 
bath life considerably, or had no beneficial effect on the 
deposit. The most promising compounds were amines, 5S 
compounds, and B compounds. If the additions were 
satisfactory on a small scale, larger baths were prepared 
to determine the effect on bath life and to check more 
critically the thickness and appearance of the deposits. 
Methy! borate was chosen for most of the electroforming 
work because the concentration of 5-10 ml/l was not 
critical, and it yielded the thickest smooth deposits. 
Deposits 1.5-2 mm thick were obtained. A large amount 
of gelatinous precipitate, which did not interfere with 
plating, formed when methyl] borate was added to the 
bath. 


APPLICATIONS 


A model strip plater was constructed for demonstration 
purposes to show that with proper engineering the Al 
bath could be adapted for practical purposes. The plating 
vessel was fitted with 3 anodes and the strip metal passed 
lengthwise around the center anode. The top of the vessel 
had 2 rubber-edged slits for the entrance and exit of the 
strip metal. There was. no appreciable loss of ether by 
evaporation or drag-out through the slits. The sequence 
of plating was: acid etch, water rinse, air-dry, plate, rinse, 
and dry. 


PROPERTIES OF ELECTRODEPOSITED AL 


Details on the microstructure, ductility, and hardness 
of the deposit have already been given (1). The deposit, 
ar plated, is white, matte, and ductile. Thicker deposits 
(about 0.25 mm) and deposits plated at current densities 
higher than 2 amp/dm? have a more crystalline appear- 
ance. No quantitative tests on purity of the Al deposits 
were carried out, but spectrochemical analyses showed 
traces of Mn, Cr, Ag, Sn (0.001-0.01%) and Ti, Si, Mg, 
and Cu (0.01-0.1%) which probably were due to the 
anode material (2S Al) and impurities in the AICl;, which 
Was a commerical grade. Li was absent. Traces of B 
(0.01-0.1%) were found in a deposit from a bath con- 
taining methyl borate. However, the purity of the deposits 
appeared to be better than that of 28 Al because the 
deposits withstand the action of boiling concentrated 
HNO; longer than does the 28 Al. 

Electrodeposited Al may be anodized 
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and dyed. Other 
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processes applicable to commercial Al could be applied 
to electrodeposited Al. 


SUMMARY 


Electrolytic decomposition at the anode was the princi- 
pal cause of bath deterioration. The bath tolerated traces 
of moisture and CO.; it decomposed very slowly on stand- 
ing. The following factors increased the life of the Al 
plating bath from about 2.3 to about 30 F/I of plating 
solution: (a) use of lithium aluminum hydride rather than 
lithium hydride; (b) use of coarse paper anode diaphragms; 
(c) addition of AIC]; by replacing the anolyte with fresh 
plating solution when the bath voltage began to increase 
and by adding solid AIC]; to the bulk of the bath when 
lithium aluminum hydride failed to rejuvenate the bath. 
The maximum amount of Al that was deposited from a 
bath, rejuvenated as required, was equivalent to the 
amount of Al present as AICl;, even though the anode 
erosion maintained the Al concentration at 3M. This 
amounted to about 250 g/l of bath. The cathode current 
efficiency was about 90%; the anode current efficiency 
was close to 100%. 

The addition of methyl borate, 5-10 ml/l of plating 
solution, is recommended for plating thick deposits. 

Procedures are given for obtaining adhesion of the Al 
deposit to Cu, brass, Ag, Cr, steel, Al, and Ti. 
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APPENDIX 
Preparation and Operation of the Bath 


The plating solution (3M AICI;, 0.4M lithium aluminum 
hydride) was made up directly in the plating vessel from 
stock solutions of 5M AICI; in ether and lithium aluminum 
hydride in ether, both of which were quite stable on stand- 
ing when protected from the atmosphere. The concentra- 
tion range of hydride (LiAIH,) that yielded good deposits 
Was approximately 0.13-04M. The upper limit was set 
arbitrarily, since more hydride could be added as needed. 
The hydride solution was added slowly to the AICI; 
solution which had been diluted with ether. The AICI; 
solution was cooled to permit more rapid addition of the 
hydride, but cooling was not necessary. A separate layer 
sometimes formed when the hydride solution was added, 
but this reacted slowly with the bulk of the solution and 
disappeared. In preparing the stock solutions and the 
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bath, the liquids were pipetted or siphoned to prevent 
contact with the atmosphere. 

The baths were kept under an inert atmosphere to avoid 
exposure to the atmosphere for any length of time, e.g., 
when changing the anolyte. 

Large quantities of AICI, in ether were prepared in the 
following way: enough ether (or preferably aluminum chlo- 
ride etherate) was added to the AICI; to wet it. The re- 
mainder of the ether could then be added quickly. The mix- 
ture was stirred occasionally, and solution occurred over a 
2-3 day period. If the solution was stirred too vigorously, 
the heat evolved caused a foaming action and the solution 
overflowed very quickly. AlCl; was transferred in an inert 
gas chamber because of its hygroscopic nature. The inert 
gas chamber used in this laboratory has already been de- 
seribed (3). 

The vapor pressure of the plating solution was consider- 
ably lower than that of pure ether. Therefore, the flamma- 
bility of the solution was less than expected. Electrical 
connections were made at a distance from the bath to avoid 
sparks, and Hg traps were used so that a pressure of ether 
or inert gas would not build up. 

The plating solution was disposed of by pouring slowly 
into running water. This operation was carried out in a 
hood because of fuming. A buret arrangement whereby 


the solution dripped into a sink was convenient. This did. 


not apply to the hydrides or solutions of hydrides in ether 
which could ignite spontaneously with water. Special care 
was needed in handling lithium aluminum hydride (4). 
It was decomposed by reaction with dioxane before adding 
to water. 


December 1956 


The rate of deposition at a current density of 2 amp/dm? 
was 0.025 mm/hr. 


Procedures for Obtaining Adhesion 


Adhesion to Al and Ti.—(A) Pretreatment: 28 Al—dip 
in HNO;—HF—H,O, 10:8:82 (vol). 24S Al—dip in HNO,— 
HF—H,O, 10:8:82 (vol); rinse; dip in HNOs;, 1:1 (vol), 
Ti—dip in HNO;—HF—H,O, 1:20:80 (HNO;, cone.; HF, 
48%). (B) Rinse and dry. Anodic etch in bath, C.D. 10-13 
amp/dm?, 2 min. (D) Reverse current to make specimen 
cathodic. (£) Strike, C.D. 5 amp/dm?, 1 min; plate, C.D. 
2 amp/dm*. 

The anodic etching of Ti can be done in a separate bath 
to reduce the time of etching and hence the extent of de- 
composition in the plating bath. 

Adhesion to Cu and brass.—(A) Bright dip, HCI—HNO,— 
H.SO,—H,0O, 1:38:78:10 (vol). (B) Dip in 5% H-SO, con- 
taining 2% H.O:. (C) Rinse, dry. (D) Immerse in ethereal 
solution of salicylic acid (10% wt) 10 min. (EZ) Transfer 
quickly to bath, plate. 

Adhesion to Cr.—(A) Dip in warm 6N HCl until piece 
turns gray. Rinse. (B) Cobalt strike, C.D. 5 amp/dm?, 
approximately 2 min. (C, D, FE) Same as for Cu. 

Adhesion to Ag.—(A) 2-3 min in hot NaOH solution 
(12 g NaOH + 12 g NasCO;/500 ce water), rinse. (B) Ap- 
proximately 20 see dip in dilute HCl. (C, D, E) Same as for 
Cu. (Note: More drastic cleaning procedure may be neces- 
sary, depending on the specimen.) 

Adhesion to steel.—(A) Anodic etch in H.SO, (about 74% 
by vol), C.D. 20 amp/dm*, 2 min. (B) Rinse, dry. (C) 10-15 
min in Quilon (diluted 50% with ethyl ether). (D) Trans- 
fer quickly to bath and plate. No strike is necessary. 


Theory of Dynamic Quenching of Photoconductivity 


and Luminescence 


FRANK MarToss1 


U.S. Naval Ordnance Laboratory, White Oak, Maryland 


ABSTRACT 


The influence of infrared radiation or electric fields on photoconductivity and lumi- 
nescence can be described by the following simplified model. Electrons are excited to 
empty centers and/or filled traps are emptied. Furthermore, radiationless transitions 
from conduction band to centers may be induced. The ‘“‘dynamic quenching’”’ curves 
(dependence of quenching effects on time) of photoconductors continuously excited to 
equilibrium conduction or luminescence are obtained from the particle balance be- 
tween the energy levels of the model. Good qualitative agreement with experimental 
results of conductivity quenching of CdS is obtained by adjusting the parameters of 
the theory, viz., transition probabilities, efficiencies of center-filling and trap-emptying, 
and equilibrium densities of conduction electrons and empty centers. In some eases, 
it is necessary to assume the existence of two kinds of centers or traps with different 
values of the parameters. Simple approximate formulas for computing the numerical 
values of the parameters from characteristic features of the dynamic quenching 


curves are derived. 


The modification of photoconductivity or luminescence 
in CdS and ZnS semiconductors by infrared radiation or by 
electric fields has recently been investigated in some 
detail (1-6). The aspect of this phenomenon with which 


this paper is concerned is “dynamic quenching” (3), 
that is, the change of photoconductivity or luminescence 
with time while the quenching agent (infrared radiation or 
electric field) is applied, or after its removal. Usually, the 
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“quenching” is a superposition of stimulation effects and 
quenching proper. 

This paper deals with a mathematical description of the 
dynamic quenching in terms of a simplified model of the 
energy levels and transitions in a semiconductor by con- 
sidering the particle balance among the energy levels in a 
similar manner as was utilized for the description of 
electrophotoluminescence effects in a-c fields (7). The 
present approach is more general, although it is restricted 
to d-e effects. 

It may be mentioned now that dynamic quenching is 
satisfactorily described by the simplified model. But this 
very fact precludes the use of such observations alone 
for the determination of the properties of more refined 
models such as that of Rose (8). On the other hand, the 
same fact permits one to characterize the behavior of the 
phosphor by a few phenomenological parameters, whose 
numerical values can be evaluated independent of any 
mechanism. The variation of these values with varying 
experimental conditions may, however, provide clues 
with respect to the underlying mechanisms. 


Tue Mope. 


Three single energy levels, the conduction band, traps, 
and luminescence centers, are assumed. Empty centers 
are not explicitly distinguished from holes in the valence 
band, although this distinction is implicitly contained in 
the mechanisms that may be used to interpret the formulas. 
The quenching agent may excite electrons from traps to 
the conduction band, resulting in stimulation of con- 
ductivity and luminescence, or it may fill centers by 
exciting electrons from the valence band to the centers. 
This filling of centers impedes radiative transitions from 
conduction band to the centers, thus producing lumines- 
cence quenching. In addition, another trap emptying may 
occur by radiationless transitions from traps to centers. 
Whether conductivity is quenched or stimulated by this 
effect depends on whether the increased opportunity of 
trapping overcompensates loss of transitions to centers or 
not. Furthermore, there may be radiationless transitions 
from the conduction band to the centers or to holes in the 
valence band, induced by the quenching agent (7). 

This model can be thought of as a much simplified form 
of Rose’s model (8) used by Bube (3). There is also some 
relation to the model employed by Kallmann and Kramer 
(1) except for a different treatment of the radiative 
transitions, which here are assumed to be “bimolecular.” 
In any case, these and other models (9) were not worked 
out to determine the time dependerce of the quenching 
effect. 

The mathematical formulation of the model is given by 
the following equations for the particle balance: 


dN /dt = — A\Nm — —-m+N) 


dm/dt = — AiNm — ¢’ © 


N is the number of free electrons in the conduction band; 
m is the number of empty centers; n, the total number of 
traps; n — m + N, the number of empty traps; 7, the 
number of electrons excited per unit time, by ultraviolet 
for instance, from centers to the conduction band. ¢’, ¢’, B 
describe the possible actions of the quenching agent per 
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unit time; ¢’ gives the number of electrons emptied from 
traps to the conduction band; ¢’, the number of electrons 
raised to the centers; 8, radiationless transitions induced 
by the quenching agent (7). All these numbers refer to 
unit volume. A; and A» are appropriate transition proba- 
bilities, A, referring to the radiative transitions that 
produce a luminescence intensity L = A,Nm, and A2, 
to the trapping of conduction electrons. Thermally ex- 
cited transitions, which are assumed to be in equilibrium, 
are not considered explicitly. Their influence would be 
implicitly contained in the values of A;, which may 
be temperature-dependent. It will be assumed that ¢’ = 
e(m — N), &' = &m, but the specific dependence of ¢ 
and ¢’ on N and m is not very important. 

In addition to the 8-transitions, Eq. (I) contains radia- 
tionless transitions between the trap and center levels 
since 


d(m — N)/dt = AN(n —m+N) (ID) 


so that an equal number ¢’ of traps is emptied as are 
centers filled. 

Eqs. (I) and (II) do not tell anything about mechanisms. 
They describe a phenomenological model. Therefore, it is 
immaterial whether, for instance, the B-process refers to 
direct transitions between the pertinent levels or to any 
other process that results indirectly in an equal loss of 
conduction electrons and empty centers, such as the one 
envisaged for the interpretation of electrophotoluminescence 
effects (6). There it is assumed that some electrons may be 
trapped at the surface, where they attract holes, thus 
impeding the capture of these holes by centers. Similarly, 
the ¢’-transitions in Eq. (II) may be direct transitions 
from traps to centers or transitions from traps to holes in 
the valence band created by the ¢'-process of Ey. (I). 
The last possibility is the more probable one. 

The simplification of the model lies in the assumption 
of single trap and center levels and treating empty centers 
and holes in the valence band as mathematically identical. 
The parameters of the theory, i.e., A; ,m, N, €, €, 8, have, 
therefore, the character of ‘‘effective’’ properties of aggre- 
gates of levels. The impact of the simplifications on the 
results are considered later. Suffice to say that the simpli- 
fied model proves well suitable for the description of the 
observations. 

Furthermore, it is assumed that the phosphor is excited 
to equilibrium photoconductivity or luminescence, for 
instance by ultraviolet radiation, and that this excitation 
is maintained throughout. 

As long as ¢’ and ¢’ can be considered as constants, the 
three parameters ¢’, ¢’, 8 reduce to only two, viz., & — B 
and ¢’ + B. 6 will, therefore, be deleted as mathematically 
superfluous. The question, whether it is necessary to 
retain B explicitly for the interpretation of the experi- 
ments, is discussed later. 

The assumption mo = n implies that the total number 
of centers is larger than the number of traps (10). It must 
be kept in mind that mp is the number of empty centers, 
net that of excited centers. This last number determines 
the equilibrium density. For the justification of other ap- 
proximations see Ref. (10), which is the basis of the 
present theory. 
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Resuuts 

The solution of Eqs. (I) and (11) will be given for small 
deviations from equilibrium by putting V = Ny + A, 
m = m + 6 with m = n and retaining only linear terms 
in A and 6. For No and m , Eqs. (I) and (II) with € = 
¢ = 6 = O are assumed to be valid. Calculations are 
further simplified by the approximations VN « mz; e¢, 
¢ «< Ajym. A, shall be of the same order of magnitude as 
Ay. N and mare used again as notation for the equilibrium 
values No and mp unless otherwise stated. 

Then the relative change of conductivity 


= — = A/N, 


and the relative change of luminescence intensity, | = 
(L — Io)/Lo = (N6 + mA)/Nm is given by 


= + exp (pit) + exp (pit)le/N 


+ [vo + exp + vo exp (pot) IC IN (IIT) 
= [Ko + exp (pit) + exp (pst) (IV) 

+ [Ao + Ar exp (pil) + Av Exp (pel) 
with 

Mo = 1/Az, Mi = (Az — A;)/AiAs, pe = — 
ko = N/Amm =0, = 1/A1, kz = —1/A, 
= Ae = 0 


ko Should be zero in the approximation used, but a second 
approximation is included for reference later. 

As mentioned earlier, the quenching effect caused by the 
8-process can be obtained by substituting «’ — 8 and 
+ for and ¢’, respectively, or by substituting 
¢ — B/mand ¢ +8 /m for € and ¢. The coefficients of the 
exponentials in Eq. (IIT), (IV), and (V) then have the 
form v; — w;andA; — x;.For¢ = 0, the formulas derived 
previously (7) for electrophotoluminescence are obtained. 

The method of obtaining these equations is standard 
and need not be described in detail. The Appendix gives 
the rigorous formulas from which the approximate Eqs. 
(IIT), (IV), and (V) are derived. 

When the quenching agent is removed after a long time 
(t = «) so that constant values s,, or l, have been reached, 
s and / follow the equations 


= 8 — 8, (VI) 
s 

/ 
H ~~ Se 
| A\mt 
rise qd 


Fic. 1. Typical dynamic quenching, schematieal. Deno- 
tation of characteristic points. 
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where the subscript r indicates the return to original 
equilibrium and where the zero of the time seale is shifted 
to the beginning of this decay. s and J in Eq. (VI) are 
again given by Eq. (IID), (IV), and (V) with, however, g 
slight change of the coefficients insofar as the expressions 
for a, b, d in the Appendix must be replaced by a + ¢ 
b — e, d + ¢. This substitution changes p, to p,, = 


pi +e+ ¢ = —AzN, apart from minor changes in the 
coefficients 4; , etc. This is a consequence of the assump- 
tions e’ = e(m — N) and ¢’ = fm if N and m in these 


correction terms assume their actual values and not the 
constant equilibrium values No and m). Then € and ¢ 
appear in the coefficients of the differential equations for 
A and 6 (Appendix). The specific form of p;, — p; depends, 
of course, on the particular assumptions made about 
= N), = £'(m, N) and on the approximations 
applied. This specific form is not of interest at the present 
time, and it will only be noted that | p:! > | pi. In 
general, the difference between p,; and p;, is disregarded in 
first approximation, and p; = —Az2N is used. 

Fig. | shows a typical curve as given by Eqs. (III) to 
(V) and (VI) with the denotation of characteristic points. 
Except for the difference of the coefficients a to d during 
“infrared on” and “infrared off,” the curve for s, is the 
mirror image of s reflected at the abscissa axis and shifted 
to another point of origin, viz., s, . 

One of the characteristic features of the dynamic 
quenching curves given by Eqs. (III) to (V) is a “‘stimula- 
tion’”” maximum at ¢, or t;, given, respectively, by the 
formulas 


Aymt, = In [(m/N)(€/(€ + €))Ai/(A2 — A))] 


Aymt; In [(m/N)(€/(€ + (VII) 
The maximum values themselves are given by 
= €/A\N, =e€/A\N (VIII) 


The maximum may disappear or may even become a 
minimum, depending on the signs of As — A, and e. 
Equilibrium values reached at large times are 


& = €/AwWN + (A, A»)f/A\ AWN, 


€/Aym — £/A\N (1X) 


If = = — A;), one writes s = 1 = 
with so. = Oand = €/(A; — A2)N. 
The slopes at ¢ = 0 are 


=me/N — (As — 


= (m/N A/Ae 


Some terms of a second order approximation have been 
retained in Eqs. (IX) and (X). The principal terms are 
underlined. 

With these approximations for the characteristic points 
of dynamic quenching curves, the simple and useful ex- 
pression 


s = (s — s,) exp (pit) — 8 exp (pet) + 8, 


= slexp (pit) — exp (pot)] + — exp (pof)] (XD) 


and a similar one for / can easily be derived. 
In principle, the foregoing formulas can be used to 
determine values of the parameters from the observa- 
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tions. But not all of them are practicable for this purpose 
since they involve magnitudes difficult to measure ex- 
actly, for instance, s’ for large values of €. This is par- 
ticularly so if only conductivity or luminescence data are 
available, where the first approximation does not provide 
for sufficient independent equations. If both kinds of data 
exist, especially such including s) and ly, some simple 
relations for the ratios of some parameters can be de- 
duced, viz., 


= 
A:/A\ — (80/8) = 
(As/A;) exp Aymt,, 


(XIT) 
m/N = 


The second relation offers the opportunity of checking the 
internal consistency of the theory or of the approxima- 
tions used. These relations contain only ratios of measured 
magnitudes. 


DIscusSION 


Fig. 2 and 3 give some examples of dynamic conduc- 
tivity quenching for a particular choice of the parameters 
= 10p,; Ai/A2 = or 2; different values of ¢). 
These parameters were chosen so that Bube’s experimental 
results (3) with CdS could be fitted. The results are not 
very sensitive to changes in either p2/p; or A,/A». The 
experimental points indicated are read from Bube’s 
published figures after an appropriate adjustment of the 
time scale. 

As is obvious from Fig. 2 and 3, the simplified model 
used in deriving the theoretical curves is in very good 
qualitative and also in good quantitative agreement with 
the observations, even in some details: 

According to Fig. 2, increasing ¢ is equivalent to 
increased quenching if A; < A». This is to be expected 
from the model, since filling of the centers empties an 
equal number of traps, and this creates a loss of conduc- 
tion electrons because of increased trapping opportunities. 
However, if A; > Az (Fig. 3), the decrease of opportunities 
for transitions from conduction band to centers with its 
correlated increase of conduction electrons is the more 
important contribution so that a net increase of conduc- 
tivity results. Thus, the difference between curves like 
those in Fig. 2 and those in Fig. 3 is not so much the con- 
sequence of different time constants, as was suggested 
previously (2, 3), but is primarily controlled by different 
ratios A,/Ao». 

2. The difference s — s, is observed to be nearly the 
same for different curves that show maxima at all. This 
difference is given, in the author’s approximation, by 
8 — 8s, = (Az — Ai)(e + £)/A1A2N. Therefore, it is 
constant if « + ¢ = const and if all curves refer to the 
same kind of traps and centers (A;, As constant). The 
experimental curves were obtained by applying radiation 
of different wave length, keeping the number of photons 
constant. Since the total number of trap emptyings and 
center fillings is determined by the number of inci- 
dent photons, it is reasonable to consider «’ + ¢’ 
e+¢=(e + ¢’)/masa measure of the photon density, 
which is kept constant. However, the relative contribu- 
tions of the two processes may change, for instance be- 
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Aymt 
Fig. 2. Conductivity quenching. A;/A2 = 3; p2/pi = 10; 


theory, -—Ow— observation (3); and 
¢ in arbitrary units (e + ¢ = const). Curve 1: « = 3.1, ¢ = 
0.9; curve 2: « = 2, ¢ = 2; curve 3: ¢« = 1, ¢ = 3; curve 4: 
e = 0.5, ¢ = 3.5; curve 5: « = 0, ¢ = 4; curve 6: ¢« = —0.5, 
¢ = 4.5. 


| 


ARBITRARY UNITS 


fe) 10 20 30 40 50 
Amt 
Fig. 3. Conductivity 1,/A2 = 2; p2/p: = 10; 
they, O —O- observation (3); 
e = —0.5, ¢ = 2.5in arbitrary units. 


‘ause different sublevels of the composite “‘single’’ trap 
level of the model are affected. Any contribution of 
B-processes is irrelevant in this respect, since » the influence 
of B cancels out in € + €¢. 

3. The position of the maxima shifts to longer times with 
increasing €/f, but the observed shift seems to be larger 
than the computed one. However, experimental data for 
the position of the peaks are not as accurate as the other 
measurements. The same is true for the initial slopes, 
which do not grow as fast as Eq. (X) indicates. 

4. In order to obtain complete coverage of the observa- 
tions described in Fig. 2, it is necessary to use negative 

values of ¢. This means that it is necessary to introduce 
explicitly radiationless transitions from the conduction 
band to the centers or to the valence band since only 
« — B/m may assume negative values. This point will be 
discussed later in more general terms. 

5. Bube finds that radiation with wave lengths smaller 
than 6500A does not produce curves like those in Fig. 1 or 
2 but only a general increase of s to an equilibrium value. 
Such curves cannot be obtained by merely adjusting € and 
¢ but only by another choice for A;/As, for instance 
A, = As. This forces the conclusion that another kind of 
centers or traps with different transition probabilities 
becomes involved and not only different sublevels of one 
kind of traps or centers. 

6. A superposition of two different kinds of centers is also 
necessary to describe the small peak observed in Fig. 3. 
Here not only the ratio A;/A2 would have to be changed 


| 

| 

| 

|| 

= 

XI) 

= 


666 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


| 


ARBITRARY UNITS 


i0 20 30 40 50 
Aymt 


4. Luminescence quenching, theoretical = 10. 
Curve 1: « = 3, ¢ = 1; curve 2:« = 1, ¢ = 1; curve 3: ¢« = 1, 
¢ = 3; curve 4:¢€ = —0.5, ¢ = 2.5. 


but also the absolute value of Aym, which determines the 
time scale. 

7. After removal of the quenching radiation, the photo- 

conductivity follows curves that are nearly the mirror 
images of s, as required by Eq. (VI). Because of s — s,, = 
const, the minima corresponding to the peaks of s should 
all have the same depth d = s — s, below the abscissa 
axis. Actually, this is not rigorously so [see Fig. 1 of Bube 
(3)|, but the difference of the observed minima is much 
smaller than that of the peak heights. However, complete 
agreement with the curves obtained during irradiation 
need not be expected because of the difference of the 
coefficients a to d during “infrared on” and ‘infrared 
off.” In particular, the increase of the time constants be- 
cause of | pir| < | pi | is clearly indicated in the observa- 
tions. Furthermore, it can be shown, by extending the 
‘alculations to second-order approximations, that the 
difference between the absolute value of the depth of the 
return curves and 8s — 8, is proportional to (Az — A,)f? — 
A, & + (Ay — 2A;) €¢. This expression is negative for 
curves | and 2 of Fig. 2, zero for curve 3, and positive for 
€/e > fo/e. The observations confirm this qualitative 
result quite well, but the calculation is not sufficiently 
accurate for a quantitative comparison. It must be men- 
tioned that the expectation of constant s — s, is based on 
an approximation where ¢ and ¢ are supposed to be zero in 
the coefficients a to d. Therefore, it should be valid for the 
“off” period, while it is actually observed for the ‘on’ 
period. This means that A,;/A2 = const cannot be rigor- 
ously true for the curves of Fig. 2. 

8. Fig. 4 shows theoretical curves for luminescence 
quenching. Published data on infrared luminescence 
quenching (4) are not sufficient for a detailed comparison 
of theory and experiment, but there is general qualitative 
agreement. It should, however, be mentioned that curves 
of the type shown in curves | and 2 of Fig. 2, with L, > 0, 
have actually been observed in a few cases of luminescence 
quenching by electric fields (5), although from Eq. (IX) 
only negative values would be expected as long as N K m 
and ¢/¢ are not extremely large. But without these re- 
strictions, it seems possible to account also for positive 
values of l,. The specific form of the Eqs. (III) to (XI) 
would then become much more complicated. 

The foregoing discussion shows that a very simplified 
model of the quenching mechanism is indeed sufficient to 
account for the general and many of the detailed observa 
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tions. At the same time, this means that an unequivocal 
decision between different more complicated and detailed 
mechanisms cannot be obtained from dynamic quenching 
alone, although in special cases conclusions of this kind 
seem possible, such as the inference of B-processes from the 
necessity of using negative e-values. The necessity of 
¢-processes cannot be established in this way since it is 
always possible to replace ¢ entirely by 8. However, the 
model may be refined to provide for three independent 
constants €, ¢, 8 by separating the centers explicitly from 
the valence band, assigning ¢-processes to transitions 
from valence band to centers and 8-processes to transi- 
tions from conduction band to valence band. If this is 
done, a cubic equation for p is obtained of which two roots 
are very close together and practically identical with py. 
The third root is about equal to p:. Therefore, this refined 
model would give similar results as Eqs. (III) to (V) 
only with more complicated expressions for the coef- 
ficients u;, ete. These will not be presented here. There is 
one significant result of the refined model. Luminescence 
quenching is obtained only for ¢ # 0 or if again an equiv- 
alent 8-process of the kind introduced in the simplified 
model is used, i.e., one involving transitions from condue- 
tion band to centers, not to the valence band. Still more 
general equations (9) lead to similar conclusions. 

There is one essential difference in {-processes and 
B-processes of the simplified model. The ¢-process has 
a time constant 1/p. because of v» = 0 and As = O |see 
Eq. (III to V)|. The 8-process has a time constant 1/p, 
because of »; — uw, = Oand Ay — x: = O [see Eqs. (III) to 
(V) and the paragraph following them], but different time 
constants of the basic processes are not necessarily re- 
flected in different time constants of the quenching curves 
because the ¢-processes interfere. However, electrophoto- 
luminescence quenching curves show evidence (6) for the 
occurrence of both the ¢-process and the B-process. In this 
‘ase, the two processes can be separated because the 
B-process stops at a certain time while the other remains 
active. It may be mentioned again that the 8-process is 
considered to be not a direct transition between conduc- 
tion band and centers but an indirect process involving 
holes in the valence band with the same net result: equal 
loss of empty centers and conduction electrons. 

CONCLUSIONS 

The considerations presented here afford a simple 
formalism, which provides at least a qualitative description 
of the observations in terms of different electron transi- 
tions induced by the quenching agent. Furthermore, it is 
possible to evaluate the parameters of the theory quanti- 
tatively. Although the parameters describe average 
properties of aggregates of energy levels, they can be used 
for characterization of the behavior of the material within 
a certain range of experimental conditions. The set: 
A,/Az = 34; m/N = 40/3; Aim = 45; € + = const; 
only €/¢ variable, describes, for instance, observations on 
conductivity quenching obtained with radiation of a wide 
range of wave lengths (Fig. 2). The formalism as such is 
independent of any specific mechanism and may be con- 
sidered a simplified model of several more elaborate 
mechanisms. It permits one to ascribe quantitative sig- 
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= Voltage Dependence of Electroluminescence of 
ie 
Powdered Phosphors 
10 
is LEHMANN 
jue- Lamp Division, Westinghouse Electric Corporation, Bloomfield, New Jersey 
“ing 
ual ABSTRACT 
The time-average electroluminescent emission intensity, L, of powdered phosphors 
has been measured over wide ranges of the applied sinusoidal voltage, V. The best fit 
for moderate and high voltages has been obtained with L = A exp|—B/(V + Vo)]. 
ple The emission intensity of all phosphors goes to a finite saturation value if the applied 
1on voltage becomes very large. The approach to this saturation is given by L = A exp 
si- (—B/V). The saturation brightness, A, is in almost all cases proportional to the applied 
t is frequency. Since the emission of the particles of a powdered electroluminescent phos- 
iti- phor is in general very nonuniform, the over-all emission intensity, L, must be the inte- 
we gral over all volume elements, dv, of the local brightness 8. This integral fits the experi- 
ed mental results if 8 = a exp(—b/cF) and cF = V. It is believed that normally a and 6 are 
" essentially constant in this integral but that the constant of proportionality, c, between 
t the electric field strength, F,-and the voltage, V, obeys a certain statistical distribution 
cm throughout the phosphor due to the complex geometrical structure of the phosphor. 
st; 
i The electroluminescent brightness of a powdered phos- at a time, the dependence of the time-average of the elee- 
phor is dependent on many parameters, such as amplitude troluminescent emission intensity, L, on the exciting 
P and frequency of exciting voltage, shape of the voltage sinusoidal voltage, V, has been examined for several types 
a curve, temperature, thickness of the phosphor layer, and of phosphor. The powdered phosphors were mixed with 
* kind of phosphor (1-15). Since a clear interpretation of an a little castor oil and this mixture was placed in a cell 
6 experiment requires the variation of only one parameter consisting of an Al back electrode and a front electrode of 
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conducting glass with an electrode spacing of about 
60-80 yw. The cell and its typical effect of “phosphor 
bridges’”’ between the electrodes, as well as the other 
apparatus used, have been described already (1). The 
phosphor in the cell was excited by sinusoidal voltages 
up to 600 v rms and with frequencies between about 20 
and more than 50,000 cps. Additionally, some measure- 
ments have been carried out with 60 eps only, but up to 
3,000 v rms. The average electric field strength across the 
phosphor particles in the cell was always very nearly pro- 
portional to the applied voltage, due to the “bridges” of 
the phosphor particles (1). Special attempts were made to 
cover a voltage range as large as possible. 


EXPERIMENTAL RESULTS AND COMPARISON WITH SOME 
EQUATIONS 

Most of the phosphors examined show no noticeable 
color change when the voltage is varied (only observed 
exception: ZnS-Mn, Cu with two independent emission 
bands) and qualitatively all these phosphors have the 
same dependence of the emitted light intensity on the 
exciting voltage. A typical example is shown in Fig. 1 for 
a green emitting ZnS-Cu (0.6%), Cl' phosphor. Some 
special points of significance are: (a) the light intensity 
increases rapidly for low, and more slowly for high voltages; 
(6) rate of increase is greater for higher frequencies, and 
vice versa; and (c) the dependence of L on V cannot be 
expressed by a simple power law, otherwise the curves 
in Fig. 1 would be straight lines. These three points (except 
for some double activated ZnS-Cu, Mn phosphors) were 
observed on all phosphors examined (over 500 samples 
of different composition) and at all temperatures between 
—150° and +150°C. Also, occurrence of a strong thermal 
quenching of the electroluminescent emission, e.g., at 
higher temperatures, does not affect the character of the 
L(V) curves and the conclusions outlined in this paper. 

Several workers have attempted to find a mathematical 
expression for the experimental dependence of L(V). The 
first, by Destriau (2), was 


L = A exp(—B/V) (1) 


with A and B as constants. Later (3), Destriau changed 
this to 


L = AV" exp(—B/V) (II) 


with being a constant of the order of two. Since then, 
many other more or less empirical equations have been 
discussed (4-13). Many equations fit the experimental data 
over several decades of brightness but none fits in any case 
over the whole range of 6 or 8 or more decades of brightness 
which actually can be measured. In view of this confusing 
situation it may be useful to describe here the voltage 
behavior of the brightness by a simple empirical equation 
without any claim to a theoretical background. Two such 
empirical equations, describing two essentially different 
possibilities for the law L(V) in the region of very high 
voltages, are discussed here in detail. 

‘0.6 mole % Cu added before firing. The amount of Cu 


retained in the finished phosphor may be of the order of 
0.1 mole %. 
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EMISSION INTENSITY, L (IN FOOTLAMBERTS) 


200 
VOLTAGE APPLIED TO CELL (VOLTS F.m.s.) 


Fic. 1. Dependence of electroluminescent brightness, L, 
on voltage, V, for several frequencies. Phosphor: ZnS— 
Cu(0.6%), Cl, (950°C; 1 hr), green emission for all fre- 
quencies. 


(A) The brightness L may go to a finite saturation value 
if the voltage V becomes (theoretically) infinite. An equa- 
tionexpressing such saturation has been given by Ivey (13) 


L = Aexp|-B/(V + (ITT) 


with A, B, and Vo as constants. The brightness approaches 
L = A if the voltage V goes to infinity. 

(B) The brightness L may become infinite for infinite 
voltage V as far as the mechanism valid for finite V is 
also valid for infinite V (theoretically). An equation ex- 
pressing such nonsaturation has been proposed by Howard 
and published by Howard, Ivey, and Lehmann (9) 


L = AV exp|—B/(V + V>)] (iV) 


with A, B, and V> again as constants. These two equations 
are used here to decide whether there is a saturation of 
brightness with increasing voltage, or whether there is no 
saturation. For experimental proof of this question, meas- 
urements at highest voltages are most important. There- 
fore, some measurements were carried out, at a frequency 
of 60 cps, up to 3,000 v rms, corresponding to an average 
field strength across the phosphor of about 5 & 10° v/em. 
Results of a typical series of measurements are plotted in 
Fig. 2 with log L as a function of 1/(V + Vo) and in Fig. 3 
with log (L/V) as a function of 1/(V + Vo). In both 
diagrams, the parameter Vo has been so chosen that the 
best possible fit is reached. It is seen that Eq. (III) gives 
a good fit for moderate and high voltages, while Eq. (IV) 
fits well for low and moderate voltages, but shows a strong 
deviation just in the region of highest voltages of most 
interest here. Fig. 2 shows distinctly the approach of L to 
a limiting value for V approaching infinity. 

Of course, there is uncertainty in extrapolating an 
experimental curve such as that of Fig. 2 down to 1/V = 
0, a value which can never be reached by experiment. 
But, as far as can be stated from these experiments, 
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two important conclusions may be drawn: (a) the elec- 
troluminescent brightness goes to a saturation value L = 
A if the applied voltage goes to infinity; and (6) the ap- 
proach to L = A is given by Eq. (I). |Eq. (I) and (ITT) 
are identical for Vo « V!. These two conclusions have been 
checked by examining all other known, more or less em- 
pirical, equations for L(V) (1-13) and on many other 
series of measurements. All equations which predict an 
infinite L for infinite V predict values of L which are 
too high compared with experimental data in the high 
voltage region. The reason for the relatively good fit of 
Eq. (IIT) with experiment in the high voltage region is 
probably due to the fact that this equation gives not only 
the correct value of L = A for 1/V = 0, but also of the 
slope 


d(log L)/d(1/V) = —B 
and the second derivative 
@(log L)/di/V)? = 2 BV, 


at the point 1/V = 0 if the constant V» has been properly 
chosen. It is believed that the constant V» has no other 
significance. 

This result of a voltage saturation of the electro- 
luminescent brightness seems to be important for the 
theory of electroluminescence since it indicates that only 
a very limited number of carriers can be excited during 
each cycle of the applied alternating voltage even if this 
voltage becomes infinite. It seems to be important also 
from a technical standpoint, since it predicts that, for a 
given phosphor and for other given conditions, a brightness 
exceeding the saturation value cannot be obtained by an 
increase in voltage. The saturation brightness can be de- 
termined graphically for each phosphor and under given 
conditions, e.g., frequency, temperature, amount of phos- 
phor in the cell. It should be emphasized, however, that 
the saturation value A probably is real, but that the 
constants B and Vy of Eq (III) have no simple physical 
significance at all. 


io" 4 


EMISSION INTENSITY, L (ARBITRARY UNITS) 


5 10 
1000/(V+V,) (voLTS™') 


Fic. 2. Dependence of log L as a function of 1/(V + Vo). 
ee: green emitting ZnS—Cu, Cl; frequency: 60 eps; 
o= 55 v. 
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RATIO L/V (ARBITRARY UNITS) 


1000/(v+¥,) (VvoLTs@') 
Fic. 3. Dependence of log (L/V) as a funetion of 
1/(V + Vo). Phosphor: green emitting ZnS—Cu, Cl; fre- 
quency: 60 eps; Vo = 35 v. 


The dependence of the emission intensity L on the 
applied frequency has also been studied but, unfortunately, 
the situation here is rather complex even from the experi- 
mental standpoint. It is easy to vary the frequency and to 
hold constant the voltage applied to the cell. Furthermore, 
any process of electroluminescence in the phosphor occurs 
with exactly the same frequency as that applied to the cell. 
But field strength at any point in the phosphor particles 
is not known, nor is its dependence on frequency, even 
when the voltage to the cell remains constant, because of 
the complicated and nonhomogenous structure of the 
particles. This may be one reason for the complicated 
behavior of the electroluminescent brightness during fre- 
quency variations as long as finite voltages are applied. 
The frequency behavior of the brightness at such voltages 
where voltage variations no longer play a role, i.e., the 


EMISSION INTENSITY, L (IN FOOTLAMBERTS) 


° 2 4 6 8 10 12 ‘4 6 
1000/(V+Vp) (vouTs@') 
Fig. 4. Dependence of log LZ as a function of 1/(V + Vo) 
for various frequencies. Phosphor: ZnS—Cu(0.6%), Cl, 
(950°C; 1 hr). 
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behavior of the voltage-saturated brightness, is somewhat . » Th 
simpler, however. + \ bu’ 
Fig. 1 has been replotted in Fig. 4 with log L as a fune- is N (X 
tion of 1/(V + Vo). The value of Vo for each frequency F 4 | 
was so chosen that the best possible approximation to a . alt ne 
straight line occurs. It may be observed that the satura- z to 
tion brightness, A, is proportional to the applied frequency, F , int 
f. In Eq. (ITD, therefore, = a 
A => Ac f (V) 5 is 
107; 

where Ay is a constant independent of frequency. This z ; 
proportionality of the saturation brightness, A, to the 
frequency, f, is found in almost all cases where this de- Fe! i 
pendence has been examined and where the emission color : 

of the phosphor remains constant when the frequency is 
varied. There are exceptions to this rule, however, but af 

these are relatively rare. 
5 20 


INFLUENCES OF THE NONUNIFORMITY OF THE PHOSPHOR 


The time-averaged emission intensity, L, of a layer of a 
powdered electroluminescent phosphor is dependent in a 
complicated way on the alternating voltage applied to this 
phosphor layer due to the nonuniformity of the emission 
throughout the phosphor volume. Even the emission of a 
single phosphor particle normally is very nonuniform, as 
can be seen microscopically and as was shown by Zalm, 
Diemer, and Klasens (4) and by Waymouth and Bitter 
(10). This nonuniformity of the electroluminescent emis- 
sion throughout the phosphor particles is well known and 
is quite in contradiction to the uniform emission for excita- 
tion with ultraviolet radiation. Because of this nonuniform 
emission distribution, the measured over-all emission 
intensity, L, must be expressed by an integral of the 
strongly position-dependent local brightness, 8, over the 
entire phosphor volume v in the cell: 


(VD) 
0 


The over-all emission intensity LZ and its dependence on 
the voltage V can be measured directly, but it is the local 
brightness 8 and its dependence on the local field strength 
F, neither directly measurable, which are basically cor- 
related to the excitation mechanism of electroluminescence. 
It is evident that the two dependences L(V) and B(F), 
or (since the local field F is also dependent on the applied 
voltage V) L(V) and 6(V) must be quite different. How- 
ever, it is known that 6(V) must also have a saturation if 
V increases to infinity; otherwise the integral (V7) would 
not describe the observed saturation of L with increasing V. 

The considerations thus far do not apply to any specific 
mechanism of electroluminescence or to any special law of 
8(V). Their basis is only the well-known fact of the non- 
uniform distribution of the loca! emission intensity 
throughout the phosphor crystals and they are, therefore, 
rigorously valid. The situation shall now be illustrated in 
two special cases. 

Case A.—Let the local emission intensity 8B be de- 
pendent on the voltage V according to 


8 = aexp(—b/V'”*) (VII) 


10 WS 
100/v' (vouts~*) 
Fic. 5. Dependence of log L as a function of V~. Phos- 

phor: green emitting ZnS—Cu, Cl; frequency: 60 eps. 


with a and b as constants. This equation has some sig- 
nificance in the exhaustion-barrier theory of electro- 
luminescence where a square root dependence of the local 
field strength, F, on the applied voltage, V, is predicted 
for those parts of the phosphor where excitation occurs, 
i.e., the exhaustion barriers, (5, 8, 12, 15). Inserting (VII) 
into (VI) one obtains 


aexp (—b/V!) dv (VIII) 
0 


where generally a and b may be dependent on the location 
dy in the phosphor. Since these dependencies are unknown, 
the integral (VIII) cannot be solved analytically. But the 
integral can be replaced approximately by a series 


L = ajexp (—b;/V) An; 
or, after substitution: 
a; Av; = A; and b; = B;: 
L= A; exp (—B;/V) 


(IX) 


Each term of this series represents a finite fraction of the 
phosphor with approximately equal values of A; and B;. 
Evidently all terms of the series must be positive since they 
represent light intensities. Each term of the series (IX) can 
be presented as a straight line in a diagram where log L is 
plotted as a function of V~'/*. Therefore, if Eq. (VII) 
describes the real dependence of the local emission in- 
tensity 8 on the voltage V, it should be possible to ap- 
proach the experimentally obtained values of L(V) 
graphically by a summation of the ordinates L; of several 
suitably chosen straight lines in a diagram showing log L 
as a function of V~'/*. The actual situation is shown in Fig. 
5. The fit is remarkably good, except for the region of the 
highest voltages, if only one term of the series (IX) is 
used, i.e., 


L = A exp(—B/V") (X) 
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This equation has been mentioned frequently (5, 11, 15), 
but there are several reasons why it may be assumed that 
(X) is only an approximation, although a good one: 

(A) Even if the deviation in the high voltage region is 
neglected, the fit with only one term of the series (IX) is 
too simple to be real, since it means, according to the 
integral (VIII), that at least b is constant throughout the 
phosphor volume. But a constant value of b means a 
uniform electric field inside the phosphor crystals and this 
is in strong contradiction to all observations (4, 10, 14). 

(B) The deviation in the high voltage region cannot be 
covered by any choice of positive values of A; in (LX). 

Therefore, the conclusion must be drawn that Eq. (VII) 
is not able to describe the true dependence of the local 
emission intensity 8 on’ the applied voltage V. 

Case B.—Let the local emission intensity 8 be dependent 
on the voltage V according to 


8B = aexp(—b/V) (XT) 


with a and 6 again as constants. This equation may find its 
theoretical basis also in a collision excitation mechanism 
but, in contrast to the case A, with an internal local field 
strength F proportional to the applied voltage V. Then 
the integral (VI) in this case becomes 
be aexp (—/V) dr (XI) 
0 
The values of a and 6 are generally dependent on the 
location in the phosphor and, since this dependence is 
largely unknown, an analytical treatment of (XII) is 
impossible. Therefore the integral must be replaced by 
a series, 


where only positive values of A; (and B;) have meaning. 
In a diagram, each term L(V) gives a straight line if log 


A B 
Carb. units) (volts rms) 
8 «10° 1300 
2 +4*10 930 
40 425 


L (arb. units) ——> 


1000/V_ ——> 
Fic. 6. Replacement of the unknown function L(V) by a 
sum of three terms L(V) = 3;A; exp (—B;/V). Phosphor: 
green emitting ZnS—Cu, Cl; frequency: 60 eps. 
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L is plotted as a function of 1/V. Therefore, if Eq. (XT) 
should represent the true dependence of 6 on V, the ex- 
perimental dependence of L(V) should be approached by 
a sum of straight lines in this diagram. This is indeed 
possible as is shown in Fig. 6 where, within the accuracy 
of the measurements, three terms of the series (XIII) are 
sufficient to cover the experimental values completely 
over the whole range. More exact measurements would 
probably require more terms of the series in order to get a 
good fit, quite in agreement with the fact that the series 
(XIID) is only an approximation to the integral (XII). 


DiscussION AND CONCLUSIONS 
The considerations given above have been extended 
also to other more or less empirical equations for the 
unknown function B(V), e.g., to the functions 


B(V) = a(V — b)” 


B(V) = aV" exp(—b/V) 
B(V) = aV exp(—b/V'””) 


but none of these equations, inserted into a series like 
(IX) and (XIID), fits the experimental data over the whole 
range. Thus, simple Eq. (XI) seems to have some validity 
in describing the real dependence of 6(V), at least approxi- 
mately. If so, then the conclusion must be drawn that 
the local field strength F is proportional to the applied 
voltage V 


V =cF 


(c = const.) also for those limited parts of the phosphor 
where electroluminescent excitation and emission occurs. 
The local excitation and emission density then is given by 


B = aexp(—b/cF) (XIV) 


an equation which can easily and quantitatively be ex- 
plained by the common collision excitation mechanism. 

In general, nothing can be said about the dependence of 
the three constants a, 6, and c in (XIV) on the volume 
position within the phosphor, but the writer tends to the 
assumption that in a normal good electroluminescent phos- 
phor the two constants a and b are essentially independent 
of the position within the phosphor and only dependent 
on the bulk material of the phosphor. In this case, only the 
constant c of proportionality between field F and voltage 
V would obey a certain distribution throughout the phos- 
phor volume. This distribution may be determined by 
statistical reasons related to the complex geometrical 
structure of a powdered electroluminescent phosphor. 

The question remains open as to how far the really 
observed dependence of L(V) is due not to one, but to 
several mechanisms differently dependent on the voltage. 
Such addition of the influences of several mechanisms is 
possible, at least in principle; but this assumption is not 
necessary since the collision excitation mechanism in 
connection with Eq. (XIV) is easily able to cover the 
whole range of L(V), if the nonuniformity of the emission 
distribution is considered. 
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Anodic Reactions 


I. Kolbe Electrosynthesis of Ethane Using Alternating Current 


L. Witson! AND T. Lippincorr? 


McPherson Chemical Laboratories, The Ohio State University, Columbus, Ohio 


ABSTRACT 


Kolbe electrosynthesis with acetate has been studied in a variety of solvents using 
60-cycle AC. Results were qualitatively similar to those obtained with DC. With AC, 
however, vields of ethane were 30-40% lower and the critical current density was con- 
siderably higher. Ethylene glycol, H.O, and glacial HOAc were the best of those solvents 
studied. H.SO, in glacial HOAc provides an excellent medium for ethane production. 
Quantitative data on the effect of current density, temperature, and added reagents is 


presented. 


The Kolbe electrosynthesis has been extensively studied 
using DC (1). Shipley and Rogers (2) published some 
quantitative data on the a-c electrolysis of KOAc in H.O 
and in glacial HOAc. This work has now been extended to 
cover a wider range of conditions in these and other 
solvents. In addition, a new system for ethane production, 
H.SO, in anhydrous HOAc, has been found to offer in- 
teresting possibilities. 


EXPERIMENTAL 

Reagents._-All reagents used in this work were A.C.S. 
grade. 

Electrolysis cells.—These were large Pyrex test tubes 
varying in volume from 150 to 500 ml, fitted with rubber 
stoppers. Twenty gauge platinum wire served as electrodes. 
The electrode area was either 1.0 or 1.52 em*. Collodion 
was used to seal the rubber stoppers to the cells. 

Sixty cycle AC was controlled by a Superior Electric 
Co. Powerstat and the current measured by a Weston 
Model 528 ammeter which had been calibrated. This 
instrument reads rms current. 

Cells were immersed in 2 | Dewar flasks filled with ice 


' Present address: Hudson Foam Plastics Corp., Yonkers, 
¥. 

? Present address: Kedzie Chemical Lab., Michigan 
State University, East Lansing, Mich. 


and water or ice, salt, and water. At high current densities 
temperature control was difficult and at all current densi- 
ties with AC there was a large conversion of electrical 
power to heat. 

Preparation of were placed in 
aqua regia for 5 min. Then, after washing thoroughly with 
water, they were rinsed with the solution to be electrolyzed 
and placed in the cell. 

Gas analysis._-Analyses for COs and CoH¢ were made 
by infrared absorption spectrometry. Checks on the spec- 
trophotometric method for CO. were made by absorption 
in aqueous KOH. Oxygen was determined by absorption 
in alkaline pyrogallol and hydrogen by reduction of hot 
copper oxide. 

Gas samples were collected in a Baird Model 1028-6 gas 
analysis cell of approximately 100-ml capacity having 
NaCl windows and twin brass needle valves for entrance 
and exit of gases. Gases leaving the electrolysis cell were 
first passed through a dry ice trap to remove water vapor 
and collected in the gas cell by displacement of air. The 
required sample was collected only after about 20 times 
the volume of the gas cell had been allowed to pass through. 
After each analysis the gas cell was flushed with nitrogen 
before being used again. 

A Baird Infrared Spectrophotometer Model B was used 
for analysis. Calibration curves using samples of pure CO. 
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and C,H, were obtained by regulating the pressure of the 
pure components in the cell using a gas handling system 
and measuring the height of chosen bands. These data 
gave curves relating height and gas pressure. In all analy- 
ses two wave lengths were used for each compound. For 
CO. the bands at 4.4 and 14.8 w were used, for CoH, the 
3.2 and 6.8 bands were*used. 

The base line density technique was employed in all 
‘ases to determine peak heights. 

The amount (per cent) of each component in the gaseous 
mixture was obtained by dividing the pressure of that 
component by the atmospheric pressure and multiplying 
by 100. 

Electrolysis with AC.—Solutions to be electrolyzed were 
placed in the electrolysis cells and the circuit closed. 
Electrolysis was allowed to proceed for an hour while 
current density and temperature were adjusted. Samples 
were then removed at regular time intervals and analyzed. 
Values reported are averages of many analyses made during 
at least two separate runs with each solution. 

Current efficiencies and current densities were calculated 
using the average current, i.e., the ammeter reading mul- 
tiplied by 0.90. 


RESULTS AND Discussion 


Current density.—In the Kolbe reaction the products of 
electrolysis usually consist of O2, H:, COs, and hydro- 
carbon. As current density is raised, hydrocarbon in- 
creases rapidly, becomes the predominant anodic product 
along with CO:, and thereafter changes but little with 
increasing current density. The approximate position 
where this independence begins is known as the “critical 
current density.” At this point oxygen formation is usually 
very small, 

For 1M aqueous acetate solution the critical current 
density with DC at smooth platinum electrodes is well 
defined at 0.25 amp/em* (Fig. 1). With AC (Fig. 1), 
although small amounts of ethane are obtained at 0.6 
amp/cm?, appreciable quantities are not liberated until 
the critical current density is reached at about 4 amp/cm?. 
Even then, the current efficiency for ethane formation is 
less than half that for the DC process. At 4.0 amp/cm? 


= 15 
£ 
5h 
10 50 


20 EY) 2, 40 
Current Density (amps/em5) 
Fic. 1. Effect of current density on ethane formation 


from aqueous KOAc using AC and DC. Temp, 25°C; KOAc, 
0.75M, HOAe, 0.25M. O = DC; A = 60 cyeles AC. 
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% of Corts in gos evolved 
6 


L i 1 j 
O° 2 4 6 8 10 2 a 6 
Molor Concentration of Acetate 


Fic. 2. Relationship between ethane formation and 
acetate concentration using AC. Temp, 25°C; current 
density, 5.5 amp/em?; frequency, 60 evcles; medium, 0.25M 
HOAc containing KOAc. 


using 1M acetate solution the current efficiency is approxi- 
mately 65% with DC and less than 25% with AC. 

The lower current efficiencies with AC may be explained 
by the operation possibly of three factors. First, there can 
be considerable power loss due to the charging and dis- 
charging of a condenser formed by gas films on the elec- 
trodes; second, there are undoubtedly stored on the 
electrode products either stable molecules such as oxygen 
and hydrogen or intermediates of a radical character, 
which revert to their original state or are otherwise de- 
graded when the polarity changes; third, there will be 
power dissipation due to the building up and subsequent 
dissolution of concentration layers adjacent to the elec- 
trode. Reference to Fig. 1 shows the presence of two 
inflection points in the AC curve relating products and 
current density. It could be that between these points all 
three factors are operative, but at the second inflection 
point the formation and reversion of intermediate com- 
pounds attains a limit since the electrode surface is only 
‘apable of handling a limited amount of surface process. 
In principle there is no limit to the magnitude of the other 
two factors. 

Influence of added ions.— As with DC, electrolysis with 
AC produces Kolbe product best when. the solution is free 
from all anions other than acetate. Addition of carbonate, 
which happens if the solution turns alkaline, sulfate, 
nitrate or iodide in molar concentration leads to the 
formation of methanol or esters by the so-called Hofer- 
Moest reaction, and the yield of ethane is cut in half. 

On the other hand, increase in acetate concentration 
itself leads to a slight over-all increase in ethane formation 
as illustrated in Fig. 2. 

The curve goes through a minimum at about 14M 
acetate concentration and then increases rapidly. There is 
no obvious explanation of the minimum which has no 
parallel in d-e electrolysis. 

Certain cations such as Cutt, Cott, and Fet** at 
0.03M inhibit the d-c formation of ethane. These cations, 
however, have no appreciable effect in the a-c experiments 
There has never been a really satisfactory explanation of 
the effect of these cations in d-c electrolysis except, per- 
haps, that of Glasstone and Hickling (1) who pointed out 
that these cations catalyze the decomposition of HoOs and 
the effect is, therefore, support for the HO. theory of the 
Kolbe reaction. The absence of any similar effect in a-c 
electrolysis must, however, either introduce some scepti- 
cism regarding the H,O, theory or require some other 
special explanation. It may be that under conditions of 
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TABLE I. Effect of temperature on a-c electrolysis of 
aqueous KOAec 
(Current density, 5.5 amp/em*?. Frequency 60 cycles) 
KOAc, 0.75M; HOAc 0.25M 


Gaseous products (%) Efficiencies (%) 


C:H: CO: Oxidation Current 

0 21.6 51.0 84.8 19.7 

25 20.5 50.3 81.6 18.4 

50 25.3 58.2 87.0 23.3 

7 | 15.4 55.4 55.6 14.1 

95 5.4 64.2 16.8 4.9 


T 


Calg in gas evolved (%) 
a 


iL 1 i 
10 20 3.0 
Current Density (amps/em*) 


Fig. 3. Effect of current density on ethane formation 
from HOAc containing KOAc or H.SO, using AC. Temp, 
25°C; frequency, 60 cycles. A = KOAc 1.0M; O = H.SO, 
10%. 


a-c electrolysis the ions spend most of their time at a 
lower state of valence in which they have much less cata- 
lytic effect on the decomposition of H.O». 

It could be pointed out here that in d-c electrolysis in 
nonaqueous as contrasted with aqueous media, the cations 
mentioned above do not affect the Kolbe synthesis. This 
is further evidence for HO, as intermediate in aqueous 
media since it is unlikely to form in organic media. 

Temperature.—-Change of temperature has the same 
effect with AC as with DC. Table I shows that a slight rise 
in yield occurs up to about 50° after which there is a 
sharp decline. 

Organic media.—The effect of changing from aqueous to 
organic media is essentially the same with both AC and 
DC. In organie media, temperature, current density, and 
the nature of the anode are no longer as critical as in 
aqueous solution. In the present experiments the yield of 
ethane (Fig. 3) is slightly higher in glacial HOAc as 
solvent and the critical current density is about the same. 
Above current densities of 5.5 amp/cm?, yields drop be- 
cause of excessive local heating. 

H.SO, dissolved in glacial HOAc appears to be an excel- 
lent medium for ethane production. The critical current 
density appears (Fig. 3) to be considerably lowered and 
an appreciable quantity of ethane is produced at a current 
density of 1.8 amp/em*. Above 4.0 amp/cm? local heating, 
charring, and electrode deterioration occur and the yield 
drops off sharply. Increasing the concentration of H.SO, 
has an adverse effect on yield of ethane, the best (25.6%) 
is obtained at low (5%) concentration (Table II). 
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The mechanism of the electrode process with acetate 
and H.SO, should be very different, but yet the re- 
sults (Fig. 3) are not greatly dissimilar. If peroxide 
intermediates AcsOs, persulfate) were involved 
greater differences might be expected. On the whole 
the data speak for a single electrode process easily adapt- 
able to all conditions. Such a process could be the dis- 
charge of acetate ion or acetic acid molecule, a conclusion 
reached by Shipley and Rogers (2) in their studies on a-c 
electrolysis. 

Other organic solvents show essentially similar behavior. 
Methanol (Fig. 4) and ethanol are about as good as water 
except conductivity is lower. CHCl; and CsH,OH were 
less desirable, the latter giving some adipic acid. Ethylene 
glycol (Fig. 4) is one of the best organic media studied, 


TABLE II. Effect of concentration on electrolysis of H.SO, 
in anhydrous HOAe using AC 
(Temp, 25°C; current density 3.5 amp/em?; frequency 
60 cycles) 


Gaseous products (%) Efficiency 
(%) 
oxidation 
5 25.6 52.1 98.2 
10 23.8 48.9 97.4 
15 20.4 50.3 81.2 
20 14.3 53.4 53.6 
T T T T T T 
d 
* 
aol 
3 
s isk 4 
10 ° 4 
L 4 1 1 
1.0 2.0 3.0 40 5.0 6.0 


Current Density (amps Jem?) 


Fig. 4. Effect of current density on formation of ethane 
from acetate in organic media using AC. Temp, 25°C; 
frequency, 60 cycles. A = KOAc 1.0M, HOAc 1.0M in 
ethylene glycol; O = KOAc 0.75M, HOAc 0.25M in metha- 
nol. 


TABLE III. Effect of added furan on electrolysis of KOAe 
in HOAe using AC 

(Temp, 25°C; current density, 3.5 amp/cm?; frequency 60 

eyeles) KOAc, 1.0M in HOAc 


Gaseous products (%) | Efficiency 
Furan added (M) is — 
CO: oxidation 
| 
0.0 17.0 36.8 97.4 
0.5 19.2 39.0 98.4 
3.0 23.4 42.1 111.2 
6.0 
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having the lowest critical current density. It is of interest 
to point out that the addition of 10% glycol to a glacial 
HOAc solution of KOAc did not affect the yield of ethane 
whereas 10% of water instead caused an appreciable drop. 

Effect of added furan, benzene, and anisole.—In glacial 
HOAc solution the addition of furan has the unexpected 
result of increasing current efficiency of ethane formation. 
Table III shows that the addition of furan to make the 
solution 6M raises the ethane content of the gaseous 
products from 17 to almost 25%. Even more startling is 
the increase in oxidation efficiency from 97 to 114%. 
Oxidation efficiency is defined as twice the ratio of ethane 
to CO, and is a measure of the efficiency of the coupling 
process. This is used in preference to hydrogen efficiency 
since the behavior of the cathode and anode are not the 
same with AC (3). If hydrogen efficiency were used, mis- 
leadingly high values of yield would be obtained since 
hydrogen evolution with AC is much lower than Faraday’s 
law would suppose. 

Oxidation efficiencies of 85% or below suggest that 
either ethane, or acetoxyl, or methyl radicals are being 
oxidized (Hofer-Moest reaction). On the other hand, 
efficiencies of over 100% suggest some abnormal reaction 
involving COs. Table III illustrates this. The effect of 
furan is even more surprising than is apparent from the 
figures since the electrolyte after the experiment contains 
appreciable amounts of 2,5-diacetoxy-2 ,5-dihydrofuran, 
a compound produced by addition of two acetoxy! groups 
to the furan molecule. It would appear that furan is able 
to capture acetoxy] radicals before they have time to 
either lose COz and give ethane or be reduced to HOAc 
when the polarity reverses. The increased yield of ethane 
must result from furan molecules displacing acetoxy] 
radicals which would otherwise revert to HOAc. Still 
other adsorbed acetoxy! groups react with the furan to 
give the product mentioned above. 

These considerations indicate that the furan molecule 
and the acetoxy! radical are closely associated with the 
anode in a geometrical sense. On the other hand, absence 
of methylated furan suggests that loss of CO. by the 
acetoxy! radical occurs only when a bimolecular reaction 
between two such radicals gives ethane. If the furan mole- 
cule does have the effect of changing the proportion of 
acetoxy! radicals which revert to HOAc it means that the 
life of such a radical on the anode is comparable with the 
frequency of the alternations. One sixtieth of a second is 
quite a long lifetime for such a radical. 
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It is further significant that with DC the effect of added 
furan is even more pronounced than with AC. 

In contrast to the effect of furan, addition of benzene 
had no effect on ethane formation, but anisole, although 
it did not change the current and oxidation efficiencies, 
was converted into o-hydroxy- and o-acetoxy-anisole. This 
behavior parallels that with DC. At the moment there 
appears to be no satisfactory way of explaining the high 
oxidation efficiencies in the presence of furan. 

Ester formation.—The formation of ester, which occa- 
sionally accompanies the Kolbe reaction, is usually asso- 
ciated with specific compounds such as CC];CO.H rather 
than special conditions. When AC is used, corrosion of 
electrodes is greatly enhanced and it was frequently ob- 
served that ester formation became appreciable when the 
electrode was thus visibly changed. In aqueous solution, 
methy] acetate was sometimes formed with as high as 6% 
current efficiency. Although x-ray diffraction did not show 
the presence of foreign compounds on the electrode, 
immersion in aqua regia was sufficient to restore it to the 
status of a clean anode giving no ester. It may be that a 
layer of platinum oxide is the cause of ester formation. 

Under no circumstances was methane identified in the 
gaseous reaction products. 
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Electrochemical Behavior of 2-Chlorocyclohexanone 


Derived Imines 


Puitie J. Ervine! anp Rospert E. Van Arra? 


The Pennsylvania State University, University Park, Pennsylvania 


ABSTRACT 


Polarographic reduction of 2-chlorocyeclohexanone results in a single pH-independent, 
diffusion-controlled, irreversible wave, which is due to carbon-halogen bond fission. 
The mechanism probably involves formation of a carbanion which reacts rapidly with 
the solvent to form cyclohexanone. In ammonia buffer of high pH (high NH; concentra- 
tion) a second kinetic-controlled wave appears which is apparently largely due to reduc- 
tion of the imine present in equilibrium with the 2-ketocyclohexanol formed by hydroly- 
sis of the chloroketone; as the first wave due to the chloroketone decreases with time, 


and 


the second wave increases. 


Under the conditions of macroscale electrolysis in solution of high ammonia concen- 
tration, as in a coulometric experiment, the reduction product of 2-chlorocyclohexanone, 
cyclohexanone, reacts with ammonia to give cyclohexanonimine, which is in turn re- 
duced to eyclohexylamine. The hydrolysis product of 2-chlorocyclohexanone, 2-keto- 
cyclohexanol, reacts similarly to form 2-iminocyclohexanol, which is presumably reduced 


to 2-aminocyclohexanol. 


In connection with the systematic investigation of the 
electrochemical behavior of halogenated organic com- 
pounds (1), 2-chlorocyclohexanone was studied as a typical 
cyclic haloketone. Its polarographic behavior was investi- 
gated from the viewpoints of (a) the relation of half-wave 
potential, 2/2, and diffusion current, ig, to pH, ionic 
strength, buffer component nature and concentration, and 
ketone concentration, (b) the probable reduction mech- 
anism, and (c) the role of hydrolysis. Particular attention 
was given to the effect on the observed behavior of the 
imines formed by reaction of ammonia with the haloketone 
and its reduction and hydrolysis products. Coulometric 
and similar macroscale electrolyses at controlled potential 
were performed to determine the number of Faradays per 
mole electrolyzed and to obtain sufficient product for 
isolation and identification. 

Little work has been reported on the polarography of 
a-halogenated alicyclic ketones. In 1954, several years 
after the studies described in the present paper had been 
completed, Pariaud and Perruche (2), who claimed to be 
unable to obtain waves in buffered solution, reported E1/2 
and diffusion current constant, 7, values of —1.35 v and 
2.93 for 2-chlorocyclopentanone in 0.1N KCl, and of 
—1.45 v and 1.86 for 2-chlorocyclohexanone in 0.01N 
KCl; E,/2 became less negative with decreasing concentra- 
tion, especially below 2 mM chlorocyclohexanone. Brezina 
(3) studied polarographically the reaction of ammonia and 
amines with several cyclanones; emphasis was on the 
2-electron reduction of the ketimine formed when am- 
monia or an amine reacts with the carbonyl! group. 


' Present address: Dept. of Chemistry, University of 
Michigan, Ann Arbor, Mich. 

? Present address: Dept. of Chemistry, Southern Illinois 
University, Carbondale, III. 
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EXPERIMENTAL 


A Sargent Model XXI Polarograph and a Leeds & 
Northrup Type E Electro-Chemograph were used; poten- 
tial measurements with the former were checked potentio- 
metrically. Beckman Model G and H-2 pH meters were 
used for pH measurement; a Type E electrode was used 
above pH 10. The dropping mercury electrodes (prepared 
from Corning marine barometer tubing) had m and t 
values, respectively, (open circuit in distilled water) at 
25°C of 1.02 mg/see and 5.6 see at 60 em Hg and 1.58 
and 3.7 at 90 em, and at 0° of 1.09 and 5.7 at 55 em; m and 
t for the capillary used in the hydrolysis study was 1.39 
mg/sec and 4.3 sec at 45 em. Water at 25 + 0.1° or 0 
+0.1°C was circulated through the jackets of the H-type 
polarographic cells (4) which contained reference saturated 
calomel electrodes. Resistance of cell-solution systems was 
measured with a General Radio Type 650A impedance 
bridge; all potentials are reported vs. the S.C.E. and are 
corrected for iR drops. 

The apparatus and procedure used in coulometric and 
macroscale electrolyses were essentially as described by 
Lingane (5). In electrolyses in ammonia buffer, potentials 
selected were on the limiting current portion of each wave, 
i.e., —1.45 v for wave I and —1.75 v for II. For wave I, 
the electrolysis was continued until no indication of this 
wave was obtained on recording a polarogram for a portion 
of the cell solution. The solution remaining after macroclec- 
trolysis to remove wave I completely (at pH 9.5) was then 
electrolyzed at —1.75 v in order to determine n for wave 
Il. 

Materials._-2-Chlorocyclohexanone (Farchan Labora- 
tories), purified by vacuum distillation, had b.p. 79°-80° 
at 8 mm, and dj” 1.1575 [literature (6): b.p. 79° at 7 mm, 
di} 1.161]. Stock aqueous solutions (11 to 18 mM in ketone) 
were relatively stable to hydrolysis over periods of 1-2 hr, 
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No | pH Components 
1.5 | 0.45 M KCI + HCl 
ef 4.6 0.50 M NaOAc + HOAec 
2a | 4.6 0.10 M NaOAc + HOAc 
3 7.0 _0.27 M KH.PO,; + NaOH 
4 | 2:3 ‘0.18 M KH.PO, + NaOH 
5 8.2 0.50 M NH,Cl + NH, 
6 8.8 0.50 M NH,Cl + NH; 
7 9.5 0.50 M NH,Cl + NH; 
8 10.5 0.16 M NasHPO, + NaOH 
9 11.5 0.14 M Na,.HPO, + NaOH 
10 122.5 | 0.10 M NasHPO, + NaOH 
11 12.6 


0.45 M KCl + NaOH 


although a drop of about 10% in ig was observed at pH 
4.6 during the first few minutes after preparation of the 
test solution. 

Buffer solutions (Table I) were prepared by initial 
dilution to within a few ml of the final volume of calcu- 
lated amounts of the buffer components (analytical rea- 
gent grade), plus sufficient KCl, where necessary, to give 
the desired ionic strength. The pH was then adjusted to 
the desired value by careful addition of the required 
buffer component, followed by dilution to the final volume. 
Ionic strength values were calculated in the usual manner, 
using the customary ionization constants. 

Nitrogen used for deoxygenation was purified and 
equilibrated by bubbling it through concentrated H.SO,, 
alkaline pyrogallol, distilled HO and, finally, a portion 
of the specific test solution being investigated. 

Experimental procedure.—The test solution, prepared by 
mixing accurately measured volumes of stock and back- 
ground solutions, was deoxygenated in the H-cell for 5 min 
and then electrolyzed; a nitrogen atmosphere was main- 
tained above the solution throughout the electrolysis. 
Values for t, the drop-life, were determined for the lim- 
iting current, 7; , portionsof each polaragram; t values were 
corrected for the electrocapillary curve effect where 
necessary. 

In the hydrolysis study at pH 9.5, the test solution was 
prepared by diluting 5 ml of 32.0 mM stock ketone solution 
to 50 ml with Buffer 7. After 5 min deoxygenation, the 
test solution was electrolyzed; successive curves were then 
recorded for the same solution at 10-min intervals without 
additional deoxygenation, but with a nitrogen atmosphere 
being maintained over the test solution in the polaro- 
graphic cell. 


OBSERVED BEHAVIOR® AND Discussion 


One cathodic wave was observed in pH range 4.6 to 
10.5 with a second appearing only at pH 9.5; the latter 
will be separately discussed (Fig. 1). No wave was found 
at pH 1.5 (Buffer 1) due to the presence of a water wave 
(7) followed by hydrogen discharge; rapid hydrolysis of 
the compound in the more alkaline region prevented 
investigation at pH greater than 10.5 (Buffers 9-11). The 
first wave is unusually long and drawn out, spanning 


* Detailed tables of the polarographic data are available 
from the authors. 


677 


nearly 0.5 v at a concentration of 0.5 mM; a, determined 
from the slope of the wave, remains essentially constant 
at 0.3 in the pH range investigated; such geometrical 
characteristics are an obvious indication of the irreversible 
nature of the polarographic reduction. 

Variation of i, with drop time, i.e., mercury head, and 
with temperature indicate the wave to be diffusion-con- 
trolled (Tables I and II). valuesat0° are approximately 
0.1 v more negative than at 25°C. 

An n value of 2 + 0.2 was obtained by coulometric 
analysis at pH 4.6 and 8.2. Calculation of n from the 
Ilkovic equation and a diffusion coefficient computed on 
basis of the Stokes-Einstein diffusion equation gave values 
of approximately one; however, since the molecular weight 
of the haloketone is below 180 and the molecule does not 
conform to the specification of being spherical, the Stokes- 
Einstein diffusion equation cannot be legitimately applied. 

F}/2 for the first wave is constant from pH 4.6 to 10.5 for 
each buffer system at about 0.98 + 0.03 v. Apparent slight 
pH-dependence indicated with ammonia buffers is prob- 
ably due to mutual interference between the crest of wave 
I and the start of wave IT. 

The diffusion current constant, ., increases slightly 
from pH 4.6 to a maximum at pH 7.0, then decreases at 
about the same rate to pH 9.5, and finally falls off rapidly 
due to hydrolysis to nearly 0 at pH 10.5 (Fig. 2). 

Effects of ketone concentration and of ionic strength—TI is 
relatively constant in all buffers used except Nos. 3 and 4 
for ketone concentrations of 1.8 to 0.6 mM, but decreases 


1.8mm, pH 6.8 


pH 46 


1.8mM, 0.5M 


-E, VOLTS ws. S.CE. 
0.6 0.8 1.0 4 6 


Fic. 1. Typical polarograms for 2-chlorocyclohexanone 
in various media. 


TABLE ILI. Ratio of i at two drop times (heads of mercury) 
for 2-chlorocyclohexanone 

Mercury heads corrected for back pressure. With capillary 

and heads used, theoretical value for diffusion-controlled 

process is 1.23; for kinetic control, 1.00, and for adsorption 

control, 1.52 


Ratio 
Buffer No. pH 

ist Wave 2nd Wave 

2 4.6 1.25 

3 7.0 1.19 

4 8.2 1.29 

5 8.2 1.27 

6 8.8 1.32 

7 9.5 1.35 

7 9.5 
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appreciably at smaller concentrations (Fig. 3). This T pH 
decrease is apparently due largely to the drawn-out wave stren 
geometry which results in increased measurement error at 2 J the s 
lower wave heights. It must be emphasized that probably ever 
neither the present nor past workers (2) have ever actually Ti 
measured true i, values for 2-chlorocyeclohexanone due to 100 F 7 sligh 
more or less conversion of this compound to the nonre- tow: 
ducible ketoaleohol by hydrolysis. Consequently, J values R 
given are low by an indeterminate amount although ap- ; and 
parently reproducible enough under standardized condi- 5 neg 
tions for analytical purposes. S ave 4 8 
E\/2 tends to become very slightly more negative with am Buf 
increasing concentration at pH 4.6; there is some indica- pol: 
tion of the reverse effect in the alkaline region. Such ony 7 teri 
behavior may be attributed to the wave geometry as well Thi 
as to the presence of different reducible species. Although 092 P syn 
cyclohexanone enolizes very little (8), the haloketone slig 
wit 
pel 
2.0r 4 1 l 
os 10 1S 20 set 
at 
isk be au Fic. 4. Effect of ionic strength and buffer concentration sli 
on of 2-chlorocyclohexanone in the acidic region. Num- 
a si . bers refer to buffer solutions as designated in Table I; 
mI .y N, L, and K refer to nonbuffered solutions in which the 
1 background electrolytes are NH,Cl, LiCl, and KCl, respec- 
tively. B 
i 
6 10 
pH 
Fig. 2. Variation with pH of the diffusion current constant o.99F 
for 2-chlorocyclohexanone. Shaded points refer to non- = . 
buffered solutions (0.56M NH,Cl at pH 5.1 and 0.5M LiC] at 
pH 5.9). 4 
0.93} - 
— 
0.91} 4 
4 
05 10 1s 20 
- 7 Fig. 5. Effect of ionic strength and buffer concentration 
— on Ey of 2-chlorocyelohexanone in the alkaline region. 
Numbers refer to buffer solutions as designated in Table I. 
o2 06 10 14 


might be presumed to enolize to a somewhat greater 
Fic. 3. Relation of diffusion current constant to concen- 


tration of 2-chlorocyclohexanone in various buffered solu- 
tions. The numbers refer to the buffer solutions as desig- 
nated in Table I; curve labeled 7’ represents data for the 
second wave at pH 9.5. 


extent; consequently, in alkaline solution, the observed 
polarographic behavior should reflect any conversion to 
enolate. Ionic strength effects do seem to indicate some 
such behavior. In buffered and nonbuffered solution below 
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pH 7 (Fig. 4), reduction becomes less difficult as ionic 
strength is increased, giving a concave shaped relationship; 
the same effect is observed at pH 7 and above with, how- 
ever, a convex inflection (Fig. 5). 

is little affected by change in ionic strength except for a 
slight increase up to ionic strength 0.5. a generally tends 
toward slightly lower values. at the higher ionic strengths. 

Reduced buffer component concentration (Buffers 2a 
and 5a vs. 2 and 5) results in E12 values about 0.02 v more 
negative and in J values approximately 10% greater. 

Second wave in ammonia solution —In NH,Cl—NH; 
Buffer 7 at pH 9.5, as previously mentioned, a second 
polarographic wave (E1/2 = —1.66 v) occurs, whose charac- 
teristics are markedly different from those of the first wave. 
This second wave is much more clearly defined and more 
symmetrical geometrically ; a is about 1, tending to become 
slightly smaller with decreasing ketone concentration and 
with increasing ionic strength; n, determined by coulom- 
etry, is 2 + 0.1. Variation of i with drop time and tem- 
perature indicates the wave to be kinetic-controlled. On 
examination immediately after deoxygenation, i for the 
second wave is proportional to ketone concentration, even 
at the lower concentrations (Fig. 3); E1/2 becomes very 
slightly less negative as concentration is increased, similar 


TABLE III. Temperature coefficient of i 
for 2-chlorocycloheranone 
Based on I values since different capillaries were used at 
0° and 25°; calculated from compound interest formula 


Temp. coeff. %/deg. 


Buffer No. pH 
ist Wave 2nd Wave 
2 4.6 2.54 
5 8.2 | 2.23 
7 9.5 2.06 


CURRENT, 


1 
" 


TIME MINUTES 


Fic. 6. Variation of the magnitudes of the polarographic 
waves of solutions of 2-chlorocyclohexanone in pH 9.5 
ammonia buffer with time as the result of hydrolysis. A: 
first wave; B: second wave; C: total current for both waves. 
Original concentration of haloketone: 3.20 mM; calculated 
current for such a concentration: 16 wa; Ey values: —1.02 
and —1.66 v. 
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to the first wave. The increase in height of the second wave 
with time as the height of the first wave decreases is 
shown in Fig. 6. 


NATURE OF THE REacTIONS INVOLVED 


Based on the observed polarographic behavior of 2- 
chlorocyclohexanone, the reduction giving rise to wave I 
is an irreversible, diffusion-controlled, pH-independent 
process, whose probable mechanism is 


C=O 2C C=O 
| | +2e-— | | + Cl (A) 
H2C 2C 
CH, CH, 
CH- 
\ 
H.C C=0 H.C C=0 
| | +H,0— | | (B) 
H2C H.C CH, 
VA 
+ OH- 


As in the case of other halogenated organic compounds 
(1, 9), reaction A would be the potential-controlling step 
with electrons acting as displacement agent (whether the 
electrons are added simultaneously or in rapid succession 
does not alter the basic picture); B involves rapid reaction 
of the carbanion with the solvent (or H+) to form eyclo- 
hexanone. The principal energy steps involve the rearward 
approach of the electrons to the carbon center and the 
simultaneous fission of the carbon-chlorine bond; forma- 
tion of the carbon-hydrogen bond is not involved in the 
controlling electrode reaction, i.e., the reduction is pH- 
independent (any variation due to keto-enol equilibrium 
affects the nature of the electroactive species, not the 
electrode process per se). 

Reactions in ammonia solution.—The situation in a solu- 
tion containing an appreciable concentration of ammonia 
is complicated by two factors: hydrolysis resulting in re- 
placement of the chlorine by hydroxy! and production of 
an equilibrium concentration of imine by condensation 
between the carbonyl group and ammonia. 

The second wave in pH 9.5 ammonia buffer is due to 
reduction of the imine or imines corresponding to the 
reaction products of ammonia with one or more of the 
series: 2-chlorocyclohexanone, its reduction product (cyclo- 
hexanone) and its hydrolysis product (2-ketocyclohexanol). 
An imine group is more readily reduced than the carbony] 
group from which it is derived. The kinetic character of the 
wave results from the equilibrium between imine and 
ketone; as the imine is recuced, more is generated from 
the ketone. The over-all polarographic reduction process 
itself where X represents Cl, OH, or H, is probably 
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xX 
CH 
H.C C=NH 
| | + 2H+ + 2% — 
H.C CH. 
CH, 
CH 
H.C CH—NH,; 
| 
H.C CH, 
4 
CHe 


Reductions of this type, occurring as the result of similar 
amine-carbonyl reactions, have been studied polarograph- 
ically and found to be 2-electron processes (3). 

A more definite statement as to the imine involved may 
be secured by considering the possible reaction paths for 
2-chloroeyclohexanone in ammonia solution via electroly- 
sis, hydrolysis, and imine formation. Fission of the carbon- 
halogen bond in ketone or imine is a 2-electron process as is 
reduction of the carbon-nitrogen double bond in an imine; 
consequently, the following possible compounds and sit- 
uations would give the waves indicated: (a) haloketone is 
reduced to ketone (wave I) which may form imine which 
can in turn be reduced (wave II); (6) haloketone is con- 
verted to haloimine which is reduced first to imine (wave: 
I) and then further to cyclohexylamine (wave IT); and (c) 
haloketone is hydrolyzed to ketoaleohol which may form a 
reducible imine (wave II): 


H.C C=O 
H.C CH, 
Cl Qe \ NH; 
CH JI H. \ 
| 
H.C 
Cl 
2e 7 
He CH 
I 
| 
| C=NH 
| | 
HC CH 
| H. 
CHOH 
H.C C=O H.C 
HC CH. H.C 


December 1956 


I refers to a process contributing to the first wave and IT to 
one contributing to the second wave. 

Effect of hydrolysis in ammonia solution.—In alkaline 
media hydrolysis of 2-chlorocyclohexanone to 2-ketocyclo- 
hexanol is greatly increased through neutralization of the 
HC! formed. The reaction with NH; to form: an imine is 
known to occur with cyclohexanone (3); in the case of a 
solution of the chloroketone on standing, the reaction oe- 
curs with 2-ketocyclohexanol to a much greater extent 
than with 2-chlorocyclohexanone itself. Evidence for such 
a conclusion is given by Fig. 6. Data indicate that an 
appreciable concentration of ketoaleohol was formed 
rapidly in the test solution. Decrease of the first wave 
with time, which reflects disappearance of the carbon- 
halogen bond due to hydrolysis of the haloketone, is 
accompanied by a correspondingly sharp increase in the 
imine wave. If the ammonia condensation reaction oc- 
curred rapidly with 2-chlorocyelohexanone, the imine 
wave should be of approximately maximum current height 
initially and would not show the increase observed as 
hydrolysis of the haloketone proceeds. 

The initial variation of the total current reflects a dif- 
ference in rates of the two reactions involved, i.e., the 
ammonia condensation reaction is somewhat slower than 
the haloketone hydrolysis. Consequently, the total current 
is initially somewhat less than expected and remains so 
until the ammonia reaction begins to “catch up” with the 
hydrolysis, when it increases to a relatively constant value. 
In a plot of log (i for wave I) vs. time, the first four points 
(corresponding to 80% or more hydrolysis) lie on a straight 
line whose slope corresponds to a value of 0.0320 sec"; 
the latter is probably the sum of two pseudo first order 
rates, i.e., the solvolysis rate and the ammonolysis rate. 
Points beyond these show increasing deviation from the 
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straight line. The time given in Fig. 6 is the estimated time 
at which 7; for wave I was measured. Since it took about 
10 min to prepare the test solution and remove oxygen, 
and 10 min to record the polarogram (0 to —2 v with Ey/2 
for wave I at —1.0 v), the time at which 7, for the first 
point of wave I was recorded was about 16 min after start 
of the hydrolysis. Extrapolating the data to 0 min gives 
approximately 16 wa for Co of the haloketone, which is in 
agreement with the experimental total final current. 

Due to the nature of the recording polarograph used, 
i, of wave II was recorded 3 min after 7; of wave I; if curve 
B of Fig. 6 were shifted accordingly, the additive curve C 
would not change significantly. 

The second wave was not observed in Buffer 6, pH 8.8, 
except after the solution had stood for several hours and, 
even then, was very small. The NH; concentration in 
Buffer 6 is approximately 0.07 M or about one-tenth that 
of Buffer 7. 

It must be emphasized that the foregoing discussion 
applies to solutions under © )itions of polarographic 
electrolysis, which would be expected to contain appreci- 
able amounts of only haloketone and hydroxyketone 
which can react more or less slowly with ammonia to form 
imines. Under conditions of macroscale electrolysis where 
comparable amounts of the reduction product of the halo- 
ketone, the ketone itself, would be present, a third imine 
could be produced; this situation is considered in the 
following section. 

Product produced in macroscale electrolysis.— In order to 
isolate and identify the principal reduction product or 
products produced in pH 9.5 ammonia solution, a solution 
of 2-chlorocyclohexanone in Buffer 7 was electrolyzed 
coulometrically using a large stirred mercury cathode, 
until no first wave was obtained on polarographing a 
portion of the cell solution. The resulting yellowish solution 
was then extracted several times with small portions of 
ether. The ether was removed from the combined extracts 
by aspiration; a small residue of oily yellow material re- 
mained. The latter was identified as cyclohexylamine 
when a pheny!thiourea derivative of melting point 146°- 
149°C was prepared from it [literature (10): 148°]; the 
vield was apparently quantitative although the small 
amount of product (ca. 0.15 g) prevents an actual per- 
centage figure being given. 

Cyclohexylamine is evidently the reduction product of 
the imine formed in the reaction of NH; with eyclohexa- 
none. Under the experimental conditions of macroscale 
electrolysis, the electrolytic reduction of 2-chlorocyclo- 
hexanone to cyclohexanone apparently occurs initially 
more rapidly than its hydrolysis. 

The apparently more rapid reaction of ammonia with 
cyclohexanone than with the corresponding a haloketone 
or ketoalcohol may be due to steric factors. Although the 
electron-withdrawing properties of the chlorine might be 
considered to have so modified the reactivity of the car- 
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bony]! group as to make 2-chlorocyclohexanone more reac- 
tive to ammonia than the ketone itself, the existence of 
the haloketone in the chair form with the halogen in a 
polar, i.e., axial, position (11) would indicate that the 
haloketone is less reactive than the ketone. 

Due to the solubilizing properties of the hydroxy] group, 
the other reduction product, 2-aminocyclohexanol, present 
in the final solution would be appreciably more soluble in 
basic aqueous solution than the amine; because of the 
foregoing and of the probably relatively smaller amount 
formed, the 2-aminocyclohexanol may not be extracted 
with ether, as was the cyclohexylamine. 

Effect of cyclic structure —2-Chlorocyclohexanone is 
somewhat more easily reducible than monochloroacetone 
(9). However, an entirely valid generalization cannot be 
drawn, since comparative polarographic data are not yet 
available for a Cs aliphatic or a C; alicyclic haloketone. 
Several cyclic homologs of 2-chlorocyclohexanone must be 
similarly investigated before conclusions can be drawn as 
to any steric effect of the cyclic structure on the ease of 
electrochemical fission of carbon-halogen bonds in such 
compounds. 

The reduction mechanism of the cyclic ketone appears 
to be generally similar to that for chloroacetone, although 
the current magnitudes are considerably smaller. The 
latter is probably due to the relatively large difference in 
diffusion coefficients for the two compounds expected on 
comparison of their respective structures, and to hydroly- 
sis in the cyclic ketone, although satisfactorily reproducible 
current values are obtained. 
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Cathodic Reduction of 3,4, 5, 6-Tetrachloro-N-(2- 


Dimethylaminoethy]l)-Phthalimide in an Aqueous 


Medium at a Lead Cathode 


M. J. ALLEN AND J. Ocampo 


Research Department, CIBA Pharmaceutical Products Inc., Summit, New Jersey 


ABSTRACT 


It has been shown that electrolytic reduction of 3,4,5,6-tetrachloro-N -(2-dimethyl- 
aminoethyl)-phthalimide in an aqueous H.SO, medium at high current densities yields 
a compound which is probably the 4,6,7-trichloro-2-(2-dimethylaminoethy])-isoin- 
doline. The side reaction which resulted in dehalogenation can be attributed possibly 
to the general inefficiency of the system for reduction of the carbonyl groups which per- 
mitted a relatively stable p-quinoid intermediate with resultant nucleophilic substitu- 


tion on ecarbon-5. 


In a previous paper (1) the cathodic reduction of 3,4, 
5 ,6-tetrachloro-N -(2-dimethylaminoethy])-phthalimide in 
an aqueous CH,;OOH—H,SO, medium was shown to yield 
the respective isoindoline in varying yields and current 
efficiencies depending on the experimental conditions. 
Cook and France (2) demonstrated that phthalimides 
such as N-methyl phthalimide could be reduced to N- 
methy! isoindoline at a lead electrode using an aqueous 
H.SO, medium. However, because of the relatively lower 
overpotential of Pb in this medium as compared to that in 
an aqueous CH;COOH—H,SO, medium, the current densi- 
ties used were too high with resultant excessive hydrogen 
evolution and low current efficiencies. 

It was thought that, although a low current efficiency 
would be anticipated, it might be of interest to determine 
if the tetrachlorophthalimide could be reduced to 4 ,5,6,7- 
in the 
aqueous H.SO, medium. 


EXPERIMENTAL 


The Pb cathode used in these experiments was 78 em? in 
area. Prior to use it was purified according to Tafel’s 
method (3). The cell and apparatus used were described in 
the prior publication (1). The medium, molar concentra- 
tion of depolarizer, current density, and electrolysis time 
were essentially the same as used by Cook and France in 
their experiments. 


Electrolysis 


The catholyte consisted of a suspension of 7.66 g of the 
imide in 75 ml 5.7% aqueous H.SO,. The same background 
electrolyte was used for the anolyte. The electrolysis was 
performed at a temperature of 50°C and a current density 
of 0.0448 amp/cm*. The total electrolysis time was 381 
min at 3.5 amp. After 302 min the last traces of suspended 
material had gone into solution. Gas evolution was con- 
siderable throughout the course of the reaction. 

The catholyte was mixed with chopped ice and made 
basic with dilute sodium hydroxide. The precipitate which 


formed was extracted a number of times with ether, the 
ether extracts combined, washed with water, dried over 
anhydrous NaSO,, and evaporated to yield 5.99 g of dark 
yellow oil. Attempted crystallization of this oil gave 
negative results. The free base was converted to the 
dihydrochloride by dissolving in methanol and treating 
with methanolic-hydrogen chloride. The precipitate was 
collected and washed lightly with cold methanol. Yield 
5.96 g, mp 281°-282° (dec.). Recrystallization from meth- 
anol gave white prisms, mp 285°-286° (dec.). 

Anal. Found: C, 39.98; H, 4.77; N, 7.90; Cl, 46.92%. 
CyeH;N-2Cl; requires C, 39.82; H, 4.68; Cl, 48.35%. 

Titration for ionic halogen showed the compound to 
contain 96% of that required for a dihydrochloride. A 
sample subjected to a permanganate oxidation gave 13.8% 
of an acidic material which, on sublimation, yielded a 
compound mp 146°-149°. 

Anal. Found: C, 38.34; H, 0.60; Cl, 42.76%. CsHC1,0; 
requires C, 38.21; H, 0.39; Cl, 42.30%. 

As the melting point corresponds to that of 3,4,6- 
trichlorophthalic anhydride (mp 148°), the isoindoline 
obtained is probably the 3,4,6-trichloro isomer. The 
3,4,5-trichlorophthalic anhydride has a mp of 157° (4). 

In order to determine the effect of a shorter period of 
electrolysis, the experiment was repeated but discontinued 
after a period of 106 min. From the catholyte was isolated 
2.46 g of the starting material, 1.27 g of 4,5,6,7-tetra- 
(1) and 2.16 g of the trichloroisolindoline identified by its 
dihydrochloride. 

The susceptibility of the imide molecule to further 
dehalogenation was determined by repeating the electroly- 
sis for a period of 762 min. From the catholyte was isolated 
4.23 g of oily material identified as the trichloroisoindoline 
by conversion to the dihydrochloride salt. 


DIscUSSION 


Based on the results obtained the following mechanism 
is proposed: 
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The low efficiency obtained in this reduction was an- 
ticipated for reasons given earlier. However, the elimina- 
tion of one halogen was considered rather unusual in that 
aromatic halogens are quite resistant to removal by elec- 
trochemical means. That it was removed in this instance 
can be attributed possibly to the low reductive efficiency as 
a consequence of the lower potential of a Pb electrode in 
an aqueous H.SO, medium as compared to that in an 
aqueous CH;COOH—H.SO, medium. As a result of these 
experimental conditions, the subsequent reduction of the 
hydroxyphthalimidine (II) to the isoindoline is relatively 
slow, thus making possible the isolation of this intermedi- 
ate from the reaction. This is to be anticipated for it was 
found in previous investigations (1) that 3,4,5,6-tetra- 
chloro-N -(2-dimethylaminoethy])-phthalimide (I) can be 
reduced to the hydroxyphthalimidine (II) at a lower 
electrode potential than that required for complete reduc- 
tion to 4,5,6,7-tetrachloro-2-(2-dimethylaminoethy])-iso- 
indoline. If the electrode potential were higher, as is the 
case when using the aqueous CH; COOH—H.SO, medium, 
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the reduction of the carbonyl groups would be quite rapid. 
Thus, the intermediate suggested by (III), which is pos- 
sibly stabilized in this form by adsorption on the cathode 
surface.at the lower electrode potential, would not exist as 
such for a sufficient period to enable nucleophilic substitu- 
tion to occur on carbon-5. However, in the medium used 
the chlorine on carbon-5 is reduced cathodically due to the 
experimental conditions, which very possibly results in 
stabilization of the p-quinoid intermediate. The remaining 
carbonyl is reduced eventually to the 4,6,7-trichloro-2- 
(2-dimethylaminoethy])-isoindoline. It is possible that 
prior to dehalogenation the hydroxyphthalimidine (II) is 
reduced to the phthalimidine. However, as none of this 
compound could be isolated from the catholyte of the short 
period experiment, it was not included in the schematic. 
One cannot overlook the possibility of the 4,5 ,6-trichloro- 
isomer which could be formed via the following mechanism 
yielding the o-quinoid type intermediate. 


Clit oH OH 
\/ 
CL CL 
N - N— 
ctl 
ce 


However, as aromatic compounds are reluctant to as- 
sume an o-quinoid structure, the probability of any 
amount of the 4,5,6-trichloro-2-(2-dimethylaminoethy])- 
isoindoline being formed is quite unlikely. The proposed 
mechanism also accounts for the fact that only one chlorine 
was removed from the ring for, as soon as the carbony] is 
reduced, resonance with the benzene ring is impossible. 
Were this not so, the expected product would be the 4,7- 
dichloroisoindoline. 


CONCLUSIONS 


Electrolytic reduction of 3,4,5,6-tetrachloro-N-(2-di- 
methylaminoethy!)-phthalimide, using the’ experimental 
conditions described, yields the 4,6 ,7-trichloroisoindoline 
and not the 4,5,6,7-tetrachloroisoindoline obtained using 
the CH;COOH—H,SO, medium. 

The unexpected results obtained can be attributed pos- 
sibly to the general inefficiency of the electrolytic process 
due to the use of a lower overpotential electrode system 
and also to the fact that the medium used was a poor 
solvent for the tetrachlorophthalimide. As a result it was 
possible for the intermediate, hydroxyphthalimidine, to 
assume a relatively stable p-quinoid resonant form which 
permitted nucleophilic substitution on carbon-5. 


Manuscript received February 16, 1956. 
Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1957 JouRNaL. 
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the theory. 


Zr made by the iodide decomposition process contains 
sufficient impurities to cause the a/8 transformation to 
take place over a considerable temperature range. For this 
reason it is unsuitable as the base material for the study 
of the effects of solutes on the a/8 transformation. Trace 
amounts of impurities such as Fe and Ni present in iodide 
material have a pronounced effect on the temperature 
width of the transition region and, hence, are particularly 
injurious. Floating zone refining (1) was chosen as a likely 
means of attaining the desired purification since the 
chemical affinity of Zr for other elements dictates the use 
of a purification process which can be carried out in an 
inert atmosphere and which introduces no crucible con- 
tamination. The theory of zone refining has been extended 
to this case of the finite length bar and to consideration of 
the limits imposed on the calculations by the physical 
nature of the systems involved. Purification efficiency for 
eutectoid forming impurities has been assayed qualita- 
tively by annealing the refined ingots slightly below the 
pure Zr transition temperature and observing the distri- 
bution of the high temperature 6-phase. Redistribution of 
Fe and Ni has also been established by activation analyses. 


Zonet REFINING THEORY FOR Finite LENGTH Passes 


The zone refining process (2) is based on the difference in 
solubility of an impurity in the liquid and solid phases. 
For impurities which lower the melting point and thus are 
more soluble in the liquid phase, the first material to 
freeze as the liquid zone is put into motion contains less 
impurities than the liquid, and hence is purer than the 
original solid. As the movement of the liquid zone is con- 
tinued, concentration of impurities in the liquid zone 
increases and the composition of the material freezing 
behind the zone gradually returns toward its initial value. 
When the motion is stopped and the liquid allowed to 
freeze, a region of higher impurity content than the origi- 
nal material is developed. Impurities which raise the 
melting point of the solute and thus are more soluble in 
the solid phase migrate in the opposite direction since the 
material freezing behind the liquid zone has a higher im- 
purity concentration than the liquid. In this case, the 
purified region is found in the last zone to solidify. Further 
purification can be attained by making successive passes 
over the same ingot. Analytical expressions for the im- 
purity distribution in a semi-infinite bar after a single pass 
have been presented by Pfann (2) and for multiple passes 
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Floating Zone Purification of Zirconium 
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ABSTRACT 


The Fe and Ni contents of iodide Zr have been reduced to less than 2 ppm by the 
floating zone refining technique. The a/8 transformation takes place over a temperature 
interval of 865°-873°C in the purified material instead of the 16°-70°C intervals found in 
grade | crystal bar. Fe and Ni distributions after multiple pass refining have been es- 
tablished by neutron activation analyses and the values agree with those calculated by 


by Reiss (3) and Lord (4). Of these, the expression devel- 
oped by Lord (Eq. I) is perhaps the most useful since it is 
exact and utilizes ordinary numerical computation pro- 
cedures. The expression 


C,(a) = | + da 
0 


(1) 
1 
+/ Cp-1(a) in] O<a<N-1 
0 


is based on the assumptions that there is no diffusion in 
the solid phase, the impurity concentration is uniform 
throughout the liquid region, the ratio of solid to liquid 
solubilities is constant for the concentrations involved, 
and the zone length does not vary. In this expression, C,, 
(a) is the concentration of the impurity in the solid after 
n passes at a distance, a, measured in zone lengths from 
the starting point of the passes, and k is the distribution 
coefficient or the ratio of solid to liquid solubilities. It is 
valid for the region O < a < N — 1 where N is the total 
length of the pass measured in zone lengths, since the final 
zone is excluded because of the changing zone length 
during its solidification. 

The equation can be integrated pass by pass, starting 
with a uniform concentration prior to the first pass. In 
this case the integrated expressions are only valid over 
the regionO < a < N — n, since with successive passes the 
effects of the excluded final zone region are reflected back 
one zone length for each pass due to the C,_1(a +1) term in 
the equation. 

For the region N — n <a < N — 1 this expression 
can be written 


C,(a) = C,(N — +. 


(ID) 
C,r-r(a + da N-n<a<N-1 


where C,_;(a + 1) is a complicated expression dependent 
on the solidification of the final zone and its back reflection 
into the bar. 

For floating zone refining the final zone is assumed to 
solidify from both ends, according to the normal solidifi- 
cation process described by Pfann (2) and others (5-7). 
The expressions for the impurity concentration in the 
final zone then are 
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C,(a) = C,(N — 1) 4) 
N-1l<a<(N -}3)-A 

C,(a) = C,(N — 1) — (N 
(N-43)+A<a<N 


(II) 
(IV) 


and the impurity distribution is seen to be symmetrical 
about a = N — }. For values of k less than one, the con- 
centration rises rapidly from both ends of the zone toward 
infinity. This is plainly inconsistent with the densities of 
physical materials or more frequently with the solid 
solubility limits. The applicability of Eq. (IID) and (IV) 
then must be limited to that part of the range where & is 
constant and where the solubility limit is not exceeded in 
the solid phase as indicated by the parameter A in the 
limits for expressions (III) and (IV). In many systems in 
which a eutectic reaction takes place, k is approximately 
constant from the melting point to the eutectic tempera- 
ture, and the value of the solid solubility at the eutectic 
temperature then determines the parameter A. 

When the distribution coefficient is greater than one, 
similar limitations on the maximum concentration apply 
to the region at the beginning of the bar. In the final zone 
in this case the parameter A has a value of zero and ex- 
pressions (IIT) and (IV) are valid over the whole region. 

As will be shown later, iron is one of the elements which 
has a dominant effect on the temperature interval over 
which the allotropic transformation takes place in Zr. For 
this reason the ability of the zone refining process to 
redistribute Fe is of particular interest. 

Fig. 1 shows Fe distribution for a zone refined ingot 
computed from Eq. (I) to (IV), and the distribution 
coefficient taken from the Zr-Fe phase diagram (8). 
Concentration in the final zone rises rapidly from both 
ends of the zone until the composition of the solid reaches 
the maximum solid solubility, at which time the liquid has 
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Fic. 1. Computed distribution curves for Fe in Zr after 
passes of finite length. Maximum solid solubility 5.5%, 
Co = 45 ppm, k = 0.35, N = 13. 
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attained the eutectic composition and the center section of 
the zone freezes as material of the eutectic composition. 
This rapid rise in concentration in the final zone is then 
reflected back one zone length in the succeeding pass. In 
the third pass both the peak in the final zone and the step 
in the next to the last zone of the second pass are reflected 
back into the purified region one zone length farther. In 
the initial region the shape of the curve is established by 
two parameters, the zone length and the distribution co- 
efficient. The zone length establishes the rapidity with 
which the impurity concentration returns to its initial 
value. Hence, a long zone length is more effective in trans- 
porting impurities than a short one for purification proc- 
esses which are limited by experimenta! conditions to a 
small number of passes and, thus, where the back reflection 
effect in a finite length pass does not affect the initial 
region. The distribution coefficient establishes the purifica- 
tion which is attained at the starting point for distribution 
coefficients less than one, or the increase of impurity for 
>t. 


EXPERIMENTAL METHODS 


The experimental apparatus in which the zone refining 
experiments were carried out is shown in Fig. 2. In order 
to prevent buckling of the rod due to thermal expansion 
during the initial heating, it is necessary to make the 
bottom support free to move vertically under small stresses 
and at the same time to constrain the ends of the rod in 
firm axial alignment. This is accomplished by making the 
bottom support a spring loaded piston and evlinder device. 
The Cu supports for the rod are sealed with neoprene ‘“O” 
rings to the quartz tube, and the apparatus evacuated 
through the side tube to approximately 10-° mm Hg. For 
most of the experiments the apparatus was evacuated and 
flushed with argon several times prior to filling to approxi- 


Fig. 2. Apparatus for floating zone refining 
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mately atmospheric pressure with argon. The argon atmos- 
phere retards the evaporation of Zr and its deposition on 
the walls of the quartz tube, which interferes with visual 
observation of the liquid zone and which in some cases 
absorbs considerable radiant and high-frequency energy. 
When argon was used there also appeared to be a small 
advantage in improved zone stability which the authors 
attribute to convective cooling of the rod by the gas. The 
mechanism for moving the high-frequency work coil and 
the impedance matching transformer, necessary to match 
the coil to the generator, are shown on the right side of the 
figure. The source of power is a 20-kw output electronic 
generator with a nominal frequency of 220 ke. The genera- 
tor is equipped with an induction regulator in the primary 
of the high voltage supply transformer to provide contin- 
uous control of the output power. 

Zr rod diameters for these experiments were chosen 
empirically because of the disagreements in the current 
theoretical treatments of the stability of floating zones 
(9, 10). By analogy with other types of free surfaces, how- 
ever, the ratio of the density and surface tension should 
be inversely related to the maximum size of the stable 
molten zone. For Zr this ratio was estimated from the 
curvatures of free liquid surfaces and it was found to be 
appreciably greater than that for the other metals which 
have been zone refined. On the above basis, the Zr liquid 
zone would be expected to be stable only for relatively 
small rod diameters and short zone lengths. 

Experimentally, no appreciable difference was found in 
the zone stability for 3-6.5 mm diameter rods; however, 
with rods 5 mm in diameter the stability of the liquid zone 
was found to be critically dependent on the zone length. 
The length of the liquid zone was made as short as possible 
by the single turn heating coil and by adjusting the radio 
frequency input power to the coil to be just sufficient to 
melt the bar. Even then it was found necessary to readjust 
the power continuously in order to keep the liquid zone 
from collapsing. Zone lengths on the order of 8 mm were 
observed for the 5 mm diameter rods. The molten zone was 
assumed to extend throughout the bar when the two ends 
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Fia. 3. Zone refined Zr rods. The liquid zone has traversed 
the rod on the left three times and the rod on the right six 
times. 
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TABLE I. Impurity content of grade 1 iodide Zr 


Impurity Spectrographic analysis Activation analysis 
Ti 80+ 50 ppm | 
Hf 120 + 40 ppm 132 ppm 
Cr 2+ 2 7 
Fe 15 + 15 | 4648 
Ni 1l +7 4.0 + 1.0 
Si 38 + 37 6+ 4 
All others < <5 
Chemical analysis V 
Cc 20-175 ppm 
Oz 105-340 50-250 ppm 
Ne 4-50 4-50 
30-45 


of the bar vibrated independently upon gentle tapping of 
the apparatus. This assumption is supported by metalle- 
graphic examination in which the gradation of the im- 
purity containing 6-phase was shown to be in planes 
normal to the axis of the rod. 

The maximum number of passes which could be made 
on a given rod is limited by the irregularities in the diame- 
ter of the rod which increase as the number of passes is 
increased. Fig. 3 shows the typical shapes of the rods after 
3 and 6 passes. As many as 10 passes have been made in 
some cases. In all of the experiments reported in this paper 
the refining was started at the bottom of the bar and the 
liquid zone moved upward at a rate of 2.5 mm/min for a 
total pass length of 10 cm. 

All of the Zr used for these experiments was prepared 
from a grade | iodide crystal bar by swaging. This material 
contained 99.95 wt % Zr; analytical values tor the various 
impurities are given in Table L. The rods were annealed at 
various stages in the reduction. Steps taken to prevent 
contamination during annealing included: chemical clean- 
ing, protective Zr foil wrappings, and outgassing at 1000°C 
in quartz tubes and vacuums of 10~-* mm Hg. No change 
in Vickers hardness was found between the crystal bar and 
the annealed rods, indicating little contamination by 
oxygen, nitrogen, or carbon. In addition, the outgassing 
was sufficient to reduce the hydrogen content to less than 
5 ppm, 


METALLOGRAPHIC EVIDENCE OF PURIFICATION 


Experiments with a number of lots of grade 1 iodide Zr 
have indicated that the a- and B-phases coexist over tem- 
perature intervals of 16°C in the best lot to 70°C in the 
worst. The upper limit of this two-phase region is approxi- 
mately constant at 873°C, while the lower limit varies from 
800° to 857°C, suggesting the presence of eutectoid form- 
ing impurities of limited solubility in a-Zr. If a zone refined 
ingot is isothermally annealed slightly below the trans- 
formation temperature of the pure material and rapidly 
cooled to room temperature, regions which are high in 
eutectoid forming impurities wil! show the a- and 8-phases' 
to be distributed in proportion to the impurities. Accord- 


' The 8-phase, of course, transforms martensitically to 
a-prime during cooling, but the isothermal boundaries of 
the 8-phase are recognized easily. 
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ingly, a zone refined ingot was segmented and isothermally 
annealed for 100 hr at two temperatures in quartz capsules. 
The same precautions were taken to avoid contamination 
as described previously. A Pt-Pt 10% Rh thermocouple 
which had been calibrated at the melting points of Al, Ag, 
and Au was used to measure the furnace temperature 
frequently during the annealing period. The temperature 
gradient over the specimens amounted to about + 0.3°C 
and the variation in furnace temperature from time to 
time + 0.2°C so that the annealing temperatures reported 
are believed to be well within + 1°C. At the finish of the 
anneal the specimens were quenched by breaking the 
quartz capsules under water. 

Fig. 4 shows the 6-phase distribution in a refined rod 
after isothermal annealing and indicates the concentration 
of the eutectoid forming impurities in the final zone. The 
proportions of the a- and B-phases were determined by 
the method of lineal analysis. If the impurity causing the 
broadening of the transition range is Fe, examination of 
the Zr-Fe phase diagram (8) will show that the absence of 
the 8-phase in the purified part of the rod after isothermal 
annealing at 860°C indicates that the Fe content is less 
than 30 ppm. The higher annealing temperature of 865°C 
provides increased sensitivity. In this case the homogene- 
ous @ region presumably contains less than 15 and the 
maximum beta region approximately 380 ppm Fe. The 
hardness at various positions along the bar after annealing 
at 865°C is also shown in Fig. 4. The peak at the beginning 
of the pass is attributed to a concentration of oxygen and 
nitrogen which are more soluble in the solid than liquid 
phase, and thus would be expected to move in opposition 
to the direction of zone travel. The peak at the other end 
of the pass is assumed to be the result of the other impuri- 
ties. Hardness measurements on two other rods show the 
same general trend but with increased scatter, and, because 
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Fic. 4. Distribution of the 8-phase and hardness varia- 
tion for a zone refined Zr ingot after isothermal annealing 
treatments near the transition temperature. 
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Fig. 5. Microstructures of zone refined Zr after isothermal 
annealing 100 hr at 865.2° + 0.5°C. Etchant 57% C;H,O;, 
40% HNO:;, 3% HF. 50X before reduction for publication. 


of the uncertainty of hardness measurements on polyerys- 
talline and two-phase metals, results should be considered 
with caution. Since small amounts of oxygen and nitrogen 
markedly increase the hardness of Zr these data also indi- 
cate that very little contamination occurred during the 
2 hr that a portion of the bar was molten. 

The original material for these bars has a two-phase 
region extending from approximately 855°-873°C so that 
the purification for three passes of the molten zone has 
reduced the transformation range to less than one-half of 
its original value, or from 865° to 873°C, This temperature 
interval for the transformation provides supporting evi- 
dence for other experiments at ORNL which indicate that 
the allotropic transformation of Zr takes place at 870° 
+ 3°C instead of the lower value reported in the literature. 

The actual microstructures observed after the 865°C 
anneal are shown in Fig. 5, where it will be appreciated that 
the Fe content is essentially indicated by the amount of 
the B-phase. The unrefined ends of the bar contain about 
1.2% by volume of the B-phase in the boundaries of the 
@ grains as shown in Fig. 5a and 5f. The interface between 
the upper end of the bar and the final zone is shown in 
Fig. 5b, and the center of the final zone with a greatly in- 
creased amount of the high temperature B-phase is shown 
in Fig. 5c. Microphotographs of Fig. 5d and 5e are at points 
approximately 2 em apart.in the purified region and show 
no traces of the high temperature B-phase. 


ACTIVATION ANALYSES OF PuRIFIED Rops 


The Fe and Ni distribution in several zone refined rods 
was determined by neutron activation analyses in order 
to show that the above interpretation of the metallography 
is reasonable and also to provide an experimental test of 
the theory. Fig. 6 shows Fe distribution after three passes 
of the molten zone. The analytical sample for each of these 
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Fic. 6. Iron distribution after 3 passes of the liquid zone 


points was a segment of the refined ingot approximately 
3 mm in length. To remove tool contamination each 
specimen was chemically cleaned. After irradiation each 
specimen was put into solution and at least duplicate ali- 
quots taken for the analyses. Duplicate samples for Fe 
analyses all agreed to within +3 ppm except for the high 
values in the final zone for which the agreement was about 
+13 ppm. The experimental points are in substantial 
agreement with the prediction of the theory of zone re- 
fining and thus, in this system at least, the assumptions of 
the theory are experimentally realized. For the computa- 
tion of the theoretical curve a distribution coefficient of 
0.35 as obtained from the Zr-Fe phase diagram (8), and a 
zone length of 8 mm as observed experimentally were used. 
The experimental zone length is difficult to estimate since 
there is no color distinction between the liquid and solid 
metals. Furthermore, for stable zones the liquid region is 
very nearly cylindrical in shape and hence its boundaries 
are not clearly defined. The agreement of the experimental 
points with the theoretical curve, however, indicates that 
the 8-mm length is approximately correct. 

Maximum and minimum Fe contents, as determined by 
the activation analyses, agree remarkably well with esti- 
mates from isothermal annealing experiments. This quan- 
titative agreement indicates the marked effect of Fe on 
the allotropic transformation of Zr. In this Zr other im- 
purities, such as carbon, for example, are undoubtedly 
redistributed during the zone refining process. However, 
they are present either in small quantities or their effects 
on the allotropic transformation are small compared to Fe. 
The particular case of Ni will be discussed below. 

Fe distribution after six passes of the molten zone, Fig. 7, 
shows a lower minimum value as predicted by the theory. 
In other respects the curve is similar in shape to the pre- 
vious one. In each of the Fe distribution curves one of the 
experimental points does not agree with the rest of the 
data. These two values are higher than would be expected 
so that they may have been caused by a momentary 
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solidification of the liquid zone. It is also possible that these 
points represent tool contamination of the analysis sample 
which was not removed by the chemical cleaning treat- 
ment. The latter point of view is favored by the fact that 
no scatter of this nature was observed for Ni. 

Ni is another example of a eutectoid forming impurity 
similar to Fe in its limited solubility in a-Zr (11). Since it 
is a relatively common impurity in Zr, the ability of the 
zone refining process to redistribute Ni is of interest. As 
shown in Fig. 8, Ni is distributed in much the same way as 
Fe. After six passes of the molten zone, the minimum value 
of Ni was about 3 of a part per million, with an appreciable 
portion of the ingot containing less than 2 ppm. A three- 
pass rod was also analyzed for Ni. The shape of the distri- 
bution curve was the same as that of the six pass curve; 
the minimum value in this case was 2 ppm. Ni analyses 
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Fic. 7. Fe distribution after 6 passes of the liquid zone 
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Fic. 8. Ni distribution after 6 passes of the liquid zone 
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were carried out in the same fashion as the Fe analyses, 
the scatter in the duplicate analyses for the lower regions 
of the curve lying between +0.1 and +0.5 ppm while at 
the peak the scatter was +2.5 ppm. According to these 
curves, Ni is transported with an effective distribution 
coefficient of 0.3 to 0.4. This value of the distribution 
coefficient is only in qualitative agreement with the solu- 
bilities of Ni in liquid and solid Zr, but this is not sur- 
prising because of the uncertain nature of this portion of 
the Zr-Ni phase diagram. It is apparent that the redistri- 
bution of Ni in this particular lot of Zr would not interfere 
significantly with the correlation between the metallog- 
raphy and the Fe analyses because of its very low original 
concentration. 

While the general shape of the experimental impurity 
distribution curves is in agreement with theory, the dis- 
tribution curves show a rounded instead of a sharp change 
in concentration at the beginning of the pass. This may be 
due either to diffusion of the impurities from the unmelted 
portion or to slight changes in the starting point of the 
successive passes. 


SUMMARY 


It has been shown that the Fe and Ni contents of iodide 
Zr can be reduced to less than 2 ppm by the technique of 
floating zone refining. The importance of these impurities 
on the temperature interval over which the a/@ transfor- 
mation takes place is indicated by the excellent quantita- 
tive agreement between the purification curves determined 
metallographically, assuming Fe is the major impurity, 
and the analytical Fe distribution curves. The purified 
metal has a transition range no greater than 865°-873°C. 
This is in good agreement with other experiments which 
indicate that the a/8 transformation temperature in pure 
Zr is 870° +3°C. 

The absence of hardness changes during refining shows 
that oxygen, carbon, and nitrogen contamination were 
substantially prevented. These measurements, however, 
are not sufficiently sensitive to permit conclusions to be 
drawn about the effect of zone refining on these impuri- 
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ties. The theory of zone refining was extended to include 
the effects of back reflection from the solidification of the 
final zone. In this case restrictions imposed by the physi- 
cal nature of the system must be considered. The agree- 
ment of the experimental and theoretical Fe distributions 
provides for this impurity an experimental verification of 
the assumptions of the theory. The purified material, 
although produced in relatively small amounts, will per- 
mit establishment of the effects of a number of solutes on 
the Zr a/8 transformation to a much greater degree of 
accuracy than was possible heretofore. 
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Rate-Determining Step for Anodic Oxidation of Tantalum 


D. A. VERMILYEA 


Research Laboratory, General Electric Company, Schenectady, New York 


This note summarizes evidence, some previously pub- 
lished and some new, that the energy barriers which im- 
pede the flow of ionic current through anodic Ta,O; 
films are not located at the interfaces of the film but 
within the film itself. There are two pieces of information 
which indicate that the metal-oxide interface does not 
play a controlling part. In the first place, there is no 
dependence of the field required to produce a given ionic 
current on the orientation of the metal crystal on which 
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Ficure |. Variation of reciprocal capacitance with volt- 
age for films formed on a chemically polished specimen 
(Curve 1) and on the same specimen after removing with HF 
the film left by chemical polishing (Curve 2). 


the film is formed. The evidence for this statement is as 
follows. A large-grained are-melted button of Ta was 
anodized at constant current to about 300 v. No varia- 
tion of the thickness (as measured by interference colors) 
could be detected either on different crystals or on differ- 
ently oriented regions of the same crystal at any time 
during the period of growth. If a different field-current 
relationship existed for different crystal orientations, it 
would be expected that the current density would not be 
uniform, and hence that differences in thickness would be 
observed after anodization for a given period of time. The 
absence of such variations in thickness means that the 


orientation of the metal has no influence on the rate of 
growth at a given field. 

The second indication that the metal-oxide interface 
is not involved in the rate-determining step is that the 
presence of a film of different composition left by the 
chemical polishing solution does not affect the current- 
field relationship. The presence of the polishing film is 
readily detected by measurements of the capacitance of 
the entire oxide film, for when the polishing film is present 
the plot of reciprocal capacitance vs. voltage is shifted 
toward higher reciprocal capacitances but remains paral- 
lel to the plot obtained by first removing the polishing 
film with HF, as shown in Fig. 1. That the polishing film 
remains at the metal-oxide interface is shown by the fact 
that if a film of 5000A is formed and then all but about 
100A is dissolved in HF, reformation still results in a 
shifted plot of C~' vs. V. If all of the film is removed, 
the C~' vs. V plot coincides with one formed on a clean 
specimen containing no polishing film. Although the 
presence of the polishing film affects the value of capaci- 
tance at a given voltage, it does not affect either the slope 
of the C™ vs. V plot or a plot of optical thickness vs. 
voltage. The field in the oxide film required for a given 
ionic current flow is therefore the same whether the polish- 
ing film is present or not. It would be expected that, if 
the interface played an important role in determining the 
passage of current, such changes as that of the orientation 
of the base metal or the interposition of another film 
would cause a change in the field-current relationship. 

That the oxide-solution interface does not play a major 
role is shown by the fact that the presence of a different 
type of film between the Ta,O; and the solution does not 
change the field-current relationship. A film of composi- 
tion different from Ta,O; is produced between the Ta.O; 
and the solution by many solutions based on ethylene 
glycol rather than water, and yet the field required for a 
given current flow is the same whether such a film is 
present or not. (1). 

It appears, therefore, that neither interface of the film 
controls the ionic current, and that the controlling step 
is within the film itself. 


Manuscript received April 23, 1956. 
Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1957 JourRNaL. 
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Use of Electric Furnaces in Ferroalloy Research 


Norwoop B. MELCHER 


Division of Mineral Industries, U.S. Bureau of Mines, Pittsburgh, Pa. 


The Bureau of Mines has a wide variety of electric 
furnaces for ferroalloy research; these have been installed 
at stations in areas that, insofar as possible, are contigu- 
ous to mining or metallurgical centers. The important 
facilities. for this work are at Albany, Oreg.; Salt Lake 
City, Utah; Boulder City, Nev.; Rolla, Mo.; and Pitts- 
burgh, Pa., although smaller auxiliary equipment, used to 
support nonsmelting research, is available at several other 
stations. 

The Bureau’s research work on ferroalloys is normally 
of a type in which private industry would not engage. 
Such work includes utilization of offgrade ores to produce 
ferroalloys for which these ores are suited, production of 
new ferroalloys, and consumption of ferroalloys. Fre- 
quently the Bureau of Mines conducts experiments in co- 
operation with private companies when its facilities can 
be utilized with advantage to both industry and Gov- 
ernment. Such arrangements seem extremely desirable 
because they give the research maximum practical value. 

This paper presents a brief review of the Bureau’s 
equipment and typical examples of completed research 
projects that may be helpful in suggesting further coopera- 
tive work. Such agreements can be reached under a wide 
variety of arrangements. They can vary from simply hav- 
ing observers from either organization on hand during a 
research project, through utilization of Bureau facilities 
by private companies, to situations where both parties 
have engineers working together. 

The Bureau of Mines in conducting research is, of 
course, expending public funds, and is obliged by law to 
publish reports disseminating information for public use 
as a product of its work. Anyone wishing to enter into 
cooperative work with the Bureau may make preliminary 
arrangements with the appropriate field station or the 
Washington office. However, the Bureau of Mines is not 
a consulting organization in the sense that it would con- 
duct research for the exclusive benefit of any individual 
or company, nor is it the function of the Bureau, as an 
agency of Government, to compete with private consult- 
ing firms. The Bureau welcomes cooperative work of 
broad national interest and in certain instances will base 
cooperative projects on the availability of unique or 
specialized equipment that would prevent a private firm 
from undertaking the work. 

In the Bureau’s work, electric furnaces have played an 
important role in developing new methods that were later 
studied on a larger pilot-plant scale with other types of 
equipment. Processes are first tried in electric furnaces 
because other types of melting or smelting furnaces must 
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be much larger and more expensive to operate and usually 
cannot be operated for short periods. For example, with 
an experimental blast furnace, a test requires a minimum 
of 1 week, during which the furnace consumes | car each 
of ore and coke; in contrast, an electric smelting furnace 
can be quite small and inexpensive, and a satisfactory test 
may be obtained with as little as several thousand pounds 
of raw materials. Similarly, a fuel-fired melting furnace, 
such as an open hearth, has a minimum efficient melting 
capacity of about 2 tons and after a shutdown requires 
several days of heating to attain the desired operating 
temperature. On the other hand, an electric furnace can 
be operated only a few hours at a time with small charges. 
Therefore, where conditions in other furnaces can be 
simulated in electric furnaces, they are very desirable for 
initial investigations. 

Albany, Oreg.—The five ferroalloy furnaces at Albany, 
Oreg., range in size from a W Lectromelt, single-phase 
furnace of 50-kw power rating to a Bureau of Mines 
designed, 3-phase, round, open-top smelting furnace with 
a maximum power rating of 1000 kw. The furnaces at 
Albany are described in Table I. 

All continuous electric-smelting-furnace research has 
been conducted in Bureau-designed furnaces. Most of the 
smelting research has been done in the ESA furnace, with 
test runs of not less than 80-hr duration. Both open-top 
furnaces have flat bottoms using standard brick shapes 
for the refractory lining and can be easily relined. The 
ESA furnace can be used either as an open-top or roofed 
furnace. Fig. 1 shows this furnace being used as a roofed 
furnace in smelting a siliceous nickel ore (2). Fig. 2 shows 
a view of the same furnace being used as an open-top 
furnace in smelting lateritic Philippine Ni ore to produce 
a low-carbon ferronickel product containing about 50% Ni. 

The large ESB furnace has been used mostly in com- 
plete reduction tests where low voltage is required, and 
no slag is tapped from the furnace. Fig. 3 illustrates this 
operation when producing ferrochrome-silicon alloy. The 
power input to the furnace was approximately 420 kw. 
The ferrochrome-silicon product analyzed 47% Si, 17% 
Fe, 30.9% Cr, and 0.035% C and was produced at the 
rate of approximately 165 lb/hr (1). 

The Pittsburgh Lectromelt ST furnace is used mostly 
in refining metals and alloys. One particularly interesting 
job conducted in this furnace was the melting and refining 
of approximately 52 tons of Co powder. Refined Co was 
poured into a 9-ft-deep water tank to form granules. Fig. 
4 illustrates the appearance of the Co granules as they 
were removed from the tank. Co powder was produced 
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TABLE I. Electric furnaces at the Bureau of Mines’ Laboratories, Albany, Oreg. 


Power 


Designation Type Copecty Electrodes Shell, in, 
ESA 3-phase, round open-top, Bureau of Mines* 100 3in,or4in. graph- | 50 
smelting furnace 350 ite 55 

60 (ID) 

60 (h.) 

ESB 3-phase, round open-top, Bureau of Mines* 500 Sin. or6in.graph- 96 (ID) 

smelting furnace 1000 ite 78 (h.) 

ST Lectromelt Heroult, steel-melting are Pittsburgh Lectromelt 500 2000 4 in. graphite 57 (ID) 

furnace, 3-phase Furnace Corp. 45 (h.) 

W Lectromelt Single phase Pittsburgh Lect romelt 50 50 ~—s 14 in. graphite 17 (ID) 

Furnace Corp. 12 (h.) 

Swindell Single-phase are-melting Swindell Dressler 100 500-3. in. graphite 36 (ID) 

furnace 38 (h.) 


* Water-cooled electrode clamp-arm assemblies built by Pittsburgh Leetromelt Furnace Corp. 


=== 


Fic. 2. Smelting nickeliferous Philippine laterite with 
bagasse in ESA furnace. 


by the Calera Mining Co. at its plant in Garfield, Utah, 
and was experimentally refined and granulated under a 
cooperative agreement. 

The single-phase Swindell Dressler furnace and size W 
Lectromelt furnace are used mostly for batch-smelting 
tests. These tests are valuable for determining metal re- 
coveries and slag characteristics, electrical energy con- 


Fic. 3. Production of low-carbon ferrochrome silicon in 
ESB furnace. 


Fic. 4. Removing Co granules from quench tank 


sumption, and electrode consumption of a continuous 
smelting operation. Fig. 5 shows slag and metal being 
poured from the Swindell Dressler furnace. 

Salt Lake City, Utah—A Lectromelt size U furnace is 
installed in the Salt Lake Experiment Station. The steel- 
melting capacity of this furnace is approximately 500 |b. 
Power is supplied to the furnace by a 200 kva, 3-phase 
Pennsylvania transformer. Four secondary voltages are 
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available at the switchboard. Electrode arms are provided 
with both manual and automatic control. The 2} in. 
graphite electrodes are threaded on the ends to permit 
continuous feeding. 

This furnace has been used to smelt nickel-bearing iron 
ores (4) from Cle Elum, Wash., Blewett Pass, Wash., and 
Riddle, Oreg., for Ni recovery as ferronickel. These tests 
not only involved partial reduction of the ores but also 
oxidation of the ferronickel to improve its grade and 
resmelting of the high-iron slags obtained. It was con- 
cluded from this work that partial reduction of the ores 
in an electric arc furnace would yield over 90% of the Ni 
in an alloy containing up to 30% Ni. These tests were 
preliminary to larger-scale tests at Albany. The Salt Lake 
Station also has 2 Lectromelt size W furnaces, which are 
used primarily in small-scale experiments to determine 
proper smelting methods to guide subsequent larger-scale 
tests in the size U furnace. 

An experimental deep-shaft, single-phase furnace (Fig. 
6) for continuous smelting was designed and constructed 
at Salt Lake City for smelting sintered Artillery Peak 
manganese flotation concentrates and sintered blends of 
concentrate and dithionate plant precipitate to produce 


standard ferromanganese. This furnace has been moved 


to Boulder City, Nev., where adequate transformer ca- 
pacity is available and where a number of continuous 
smelting tests have been made on sintered concentrates 
assaying 44.4% Mn, 15.8% SiO», 2.5% Al.Os, 4.6% CaO, 
and 9.5% BaO, using coke as fuel and limestone as flux. 
No difficulties were encountered in smelting campaigns of 
100 hr duration. Dust and volatilization losses were low, 
and recovery of 85% of the manganese was experienced 
in making standard 80% ferromanganese. Using a sintered 
blend of flotation concentrate and hydroxide precipitates 
assaying 50.8% Mn, 11.2% SiOz, and 2.2% Al,Os, stand- 
ard ferromanganese was made with a 90% recovery. The 
power input was about 2,000 amp at 22 v, and the power 
consumption ranged from 2.0 to 2.5 kwhr/lb of metal 
produced. 

This furnace consists of a 29-in. square steel shell, 31 
in. deep, and the single 3-in. electrode is hand-operated. 
The furnace is lined with 5 in. of insulation brick on the 
sides and bottom. Above the bottom is a 6-in. double 
layer of 3 X 6 in. graphite blocks. The smelting shaft is 
12 in. square; the furnace is mounted on trunnions and 
can be tilted for tapping slag and metal. The Salt Lake 
Station also has a 17- and 30-lb Ajax-Northrup, high- 
frequency induction melting furnace which has been used 
for melting ferrous and nonferrous metals and alloys, 
making synthetic-slag composition studies, and other mis- 
cellaneous purposes. 

Boulder City, NevIn addition to the small single- 
phase furnace described, the Boulder City Station also 
has a 3-phase, 500-kw furnace with a 3 x 5 ft hearth, 
using 6- or 8-in. graphite electrodes. The single-phase 
transformer is a Westinghouse 396-kva transformer with 
secondary taps for 18, 22, 26, 32, 38, 46, 55, and 66 v 
and a current capacity of 6,000 amp on all taps. The 
3-phase transformer is a 658 kva Pennsylvania trans- 
former with secondary voltages available at full power 
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Fic. 5. Pouring test products from Swindell Dressler 
furnace. 


+ 


Va 


Va 


Fic. 6. Deep-shaft, single-phase electric furnace designed 
and constructed by the Bureau of Mines, used in studies on 
production of ferromanganese from domestic Mn ores. 


from 57.5 v to 330 v and voltages from 34.5 to 57 avail- 
able at 5590 amp. , 
Current work at the Boulder City Station concerns the 
production of standard ferromanganese from offgrade 
domestic ores and concentrate; induction and crucible 
resistance furnaces are used in some of the work on abra- 
sives and hard materials. These furnaces have been used 
for smelting offgrade chrome ores and concentrates, matte 
smelting of Chamberlain manganese nodules, electric 
smelting of Bunkerville Cu-Ni concentrates to produce 
matte for subsequent refining, and in numerous problems 
in connection with other work being done at the station, 
for instance, the production of a rutile-titanium carbide 
sinter from rutile concentrates for chlorinator feed. In 
cooperation with private industry, the furnaces have been 
used in investigations of the smelting of ilmenite to pro- 
duce a titanium slag and a usable iron product, and the 
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Fic. 7. With this vacuum melting induction furnace in- 
stallation, 60-lb heats can be melted and cast at pressures 
below 10 4. Mn-Cu alloys are degassed at these low pressures 
and then melted and cast under a positive pressure of He 
to minimize Mn vaporization. 


smelting of a Zn-Pb-Mn ore for recovery of Zn and Pb 
as fume and the Mn as spiegeleisen. 

Rolla, Mo.—The electric furnace facilities at the Rolla 
station are particularly adapted to ‘basic research in ex- 
tractive and physical metallurgy of ferroalloy metals, and 
research has included work on Cb; Co, Ni, Mn, and Ti. 

Induction furnaces and are furnaces (direct and indi- 
rect) with capacities up to 300 lb of iron, and smaller 
nonmetallic elemented furnaces, are available for melting 
and smelting-refining investigations. Vacuum melting 
furnaces and wire-wound heat-treating furnaces also sup- 
plement its hot- and cold-working facilities, which include 
casting, forging, rolling, swaging, drawing, and extrusion 
equipment. 

Rolla also has one type-V laboratory Lectromelt are 
furnace which has been used in recent years on two prin- 
cipal projects: first, the production of titanium sulfide by 
matte smelting with coke, rutile, and pyrite, and second, 
for tuyére and lance blowing of Pb, Cu, Zn, Fe, Co, and 
Ni matte to fume off the Pb and Zn while oxidizing Fe 
into a slag and retaining the Cu, Ni, and most of the Co 
in an upgraded matte. 

Recently, this type-V furnace was prepared for smelting 
experiments on the low-grade iron ores of East Texas. Fig. 
7 shows one phase of the research work at the Rolla labo- 
ratories. 

Pittsburgh, Pa.—The Bureau’s Pyrometallurgical Labo- 
ratory at Pittsburgh is concerned mainly with the use of 
new or substandard raw materials by the steel industry 
and the improvement of processes for manufacturing steel 
and ferroalloys. 

The Pittsburgh staff has used extensively an Arsem- 
type furnace with a carbon spiral heating element of 24 
in. ID. High-quality graphite tubes, when cut into the 
form of a spiral, have considerable flexibility, and little 
difficulty has been experienced with breakage. A Mo- 
wound furnace has been employed for similar work. These 
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furnaces have the advantage that dense crucibles which 
resist slag attack can be used to retain the melts with 
virtually no breakage due to thermal shock. This is g 
serious problem with induction heating. 

In such equilibrium tests with resistance heated fur- 
naces, the weight of the melt usually ranges from 50 to 
300 g. When larger melts up to 15 Ib are desired, a 20-kw 
high-frequency mercury gap-type Ajax furnace is used, A 
large, high-frequency, vacuum-tube oscillator is also avail- 
able for making melts of this size. 

A 500-lb, 3-phase are furnace has been employed for 
many unusual applications. Power is supplied to this 
furnace from two 200-kw single-phase transformers con- 
nected in open delta. Each has four secondary windings, 
with knife switches arranged to provide voltages of 50, 
100, 150, and 200. The open delta connection limits the 
power to about 325 kw, but owing to the secondary 
switching, full power is realized at 50, 100, and 200 y. 
The primaries are connected to induction regulators so 
that a continuous variation in voltage can be obtained 
from 25 to 270 v. External reactances are used, one of 
which is larger than the others and of such value that 


_ approximately balanced 3-phase voltages and currents 


are secured over a wide range. The furnace is run at power 
inputs between 125 and 200 kw. 

This are furnace has often been used as a converter. 
For example, high-phosphorus spiegeleisen was melted in 
this furnace and the Mn oxidized from the metal by blow- 
ing air through a lance consisting of a graphite tube, an 
iron pipe, or a water-cooled copper tube. A special method 
of blowing spiegeleisen to obtain a high-Mn slag, low in 
Fe and P, was developed by use of this furnace. Melts of 
200-300 Ib could be blown readily and required the serv- 
ices of only 2 or 3 men for a few hours to obtain valuable 
data. 

The furnace shell can be removed easily and a smelting 
unit of 3-ft shell diameter substituted for the tilting fur- 
nace. This equipment was used in studying the smelting 
of manganiferous iron ores and open-hearth slags which 
were later run in the experimental blast furnace. Con- 
siderable preliminary information was gained on antici- 
pated metal composition and the quantity of flux required 
to obtain slag of satisfactory fluidity. This small smelting 
furnace is normally operated with the standard arc-furnace 
roof as a cover, and is charged through a small door in the 
side of the shell. With this construction it is easy to melt 
the entire contents of a charge at the end of a test so a 
clean furnace will be available for the next test. Small 
tilting and smelting are furnaces therefore played an im- 
portant role in development of a process for recovering 
Mn from open-hearth slag, even though the process does 
not envision the use of are furnaces. 

The Bureau of Mines station at Redding, Calif., utilized 
extensively a size ST Lectromelt furnace of 2,000 |b 
holding capacity for an investigation of the effect of Mn 
and § on the hot-working properties of steel. The work of 
this station and the associated equipment have since been 
transferred to a new metallurgical laboratory at the Bu- 
reau of Mines station at Bruceton, Pa., near Pittsburgh. 
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A top-charge 5-ton Heroult arc furnace also installed at 
the Redding station was transferred to the new laboratory. 
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Latest Developments in Electric Pig Iron Smelting 


K. SANDVOLD 


Metallurgical Department, Engineering Division, Elektrokemisk A/S, Oslo, Norway 


In April 1955, A/S Norsk Jernverk, the Norwegian 
Government’s Iron and Steel Works, was put into opera- 
tion at Mo i Rana, a small town in Northern Norway not 
far from the Aretie Circle. The basis for the steel produc- 
tion in Mo i Rana is at present three 20,000 kw electric 
pig iron furnaces of the Tysland-Hole type. These are the 
largest electric pig iron furnaces ever built and have 
about double the capacity of the largest furnaces previ- 
ously in operation. The daily production of the Mo i Rana 
furnaces was planned for about 200 metric tons of pig 
iron per unit. 


Previous DEVELOPMENTS 

Electric smelting of pig iron is well established in many 
countries and general interest in this process is increasing. 
The dominating furnace design is the Tysland-Hole type, 
a covered, low shaft furnace, originating from the coopera- 
tion established in Norway in 1922-23 between the Govy- 
ernment, Christiania Spigerverk A/S, and Elektrokemisk 
A/S. The intention was to develop an electric pig iron 
furnace using coke as reducing agent, based on the newly 
developed Séderberg electrode. The furnace derives its 
name from the two Norwegian engineers, G. Tysland and 
I. Hole, who conducted the tests. The first successful 
commercial furnace was started up at Christiania Spiger- 
verk, Oslo, in 1928. 

The exploitation of the Tysland-Hole furnace was car- 
ried out by Elektrokemisk A/S; by January 1956 37 fur- 
naces had been put into operation or are under erection in 
Norway, Sweden, Finland, Switzerland, Italy, Spain, 
Yugoslavia, India, Japan, and Peru. With the exception 
of the three new 20,000 kw furnaces in Norway, furnace 
loads range from about 5,000 to 10-11,000 kw; annual 
production capacity reaches 30-33,000 metric tons. 

The success of the Tysland-Hole furnaces is due to 
several factors, the most important of which are the fol- 
lowing. 

The furnace possesses an extraordinary flexibility with 
regard to the most varied ore and fuel conditions. For 
example, iron ores with iron contents down to 30%, or 
with high contents of Al,O; or TiOs, are smelted regularly. 
With regard to the reducing agents, coke breeze and coke 
fines are normally used, but in several cases, charcoal, 
lignite, and anthracite have proved suitable reductants. 

The electric power consumption of the furnace is low. 
Normally about 2,300-2,500 kwh/metric ton of pig iron 
(about 2,090-2,270 kwh/short ton) is required but, under 
favorable conditions, yearly averages of 2,000-2,100 
kwh/metrie ton (1,815-!1,905 kwh/short ton) are ex- 
perienced. 


Electrode consumption is favorable. Figures of 12-17 
kg/metric ton (24-34 lb/short ton), with an average of 
about 15 kg (30 lb), are obtained normally. Electrode 
breakages are rare. 

The rigid, simple design allows reliable operation, and 
operating time factors of 95-99% are normal. The opera- 
tion is smooth with a regular load curve, causing negligible 
variations in the external electric circuit. At the same 
time, the furnace load may be varied within wide limits, 
in general, below 50% of maximum load, without appre- 
ciably affecting operation figures. Composition of the pig 
iron can be varied within an extensive range, the silicon 
content, for instance, from about 0.2% up to 3-4% or 
more. Electric pig iron is known to be of excellent quality. 


DEVELOPMENT OF THE 20,000 Kw ELEcrric 
Pic Iron Furnace 

Since the beginning of this century, plans have been in 
existence for the development of a modern iron and steel 
industry in Norway based on domestic raw materials. 
The country’s old, traditional iron production based on 
charcoal smelters had an international reputation, but the 
industry declined a hundred years ago, unable to face 
competition from coke blast furnaces. Since Norway has 
no domestic coking coals suitable for the blast furnace 
process, cheap hydroelectric power was considered the 
natural basis for the solution of the problem. 

Among the first attempts to smelt iron ores electrically 
was the production of foundry pig iron at Tinfos Jernverk 
from 1910-1922 in small single-phase furnaces. The electric 
furnace process, however, came to stay in 1928 with the 
first Tysland-Hole furnace at Christiania Spigerverk, 
which thereby became the first modern integrated iron 
and steel works in Norway. A substantial quantity of the 
country’s increased requirements of miscellaneous steel 
products—today about half a million tons—had, never- 
theless, to be provided by imports. After World War II 
the Government developed plans for erecting a new large 
integrated iron and steel plant in a distriet where hydro- 
electric power was available. In 1946 A/S Norsk Jernverk 
was formed, and started the planning and erection work 
at Mo i Rana, with government capital. The production 
was to be based on electric smelting of Norwegian iron 
ore concentrates, the limited quantities of coke required 
for the reduction to be imported. 

The elaborate project included a sintering plant for ore, 
electric pig iron furnaces, Bessemer and electric steel plant, 
and rolling mills. In the initial stage, the works were 
scheduled to produce about 180,000 tons of rolled steel 
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per year with a proposed gradual increase up to 500,000 
tons. 

The most important question was the type and size of 
the electric pig iron furnaces to be adopted. For this pur- 
pose, close cooperation between A/S Norsk Jernverk and 


‘Elektrokemisk A/S was established. As the Tysland-Hole 


furnace had given excellent results, the new design was 
based on the same principles. The largest units previously 
installed were considered too small for the production at 
Mo i Rana, and a new and larger furnace had to be de- 
signed. The 10,000 kw furnaces previously installed in 
many plants by Elektrokemisk A/S were all designed for 
50-cycle power. When planning the Mo i Rana plant, 
electric power of 25 cycles was expected to be delivered 
from an existing power station. This low frequency con- 
siderably reduced the problems of designing an increased 
furnace size and, taking advantage of this feature, a unit 
of 20,000 kw was chosen. 

In the initial-stage of erection the installation of three 
of these units was assumed. According to the original 
plan, the second and the third erection stage would com- 
prise a total of six, and then eight furnaces. 

When preparation of plans was far advanced, a serious 
problem arose. The Government decided to reserve the 
available power of 25 cycles for other purposes and to 
erect a new hydroelectric power plant 40 km from the 
anticipated plant site. For civilian consumption, the fre- 
quency had to be 50 cycles. Used at the furnaces, this 
would give twice the reactance in the furnace system, and 
consequently a very low power factor. After thorough 
studies, whereby an installation including two different 
systems of generators and transmission lines was also con- 
sidered (for 25- and 50-cycle power), A/S Norsk Jernverk 
decided to adhere to the 20,000 kw furnaces with the use 
of 50-cycle power by installing condenser batteries of 
sufficiently large capacity for correction of the external 
power factor. 

Originally the equipment for power factor correction 
was supposed to be shunt-connected capacitors, since this 
seemed to be the cheapest and simplest solution. After 
further studies it was decided to connect static capacitors 
directly in series in the high-tension circuit of the furnace 
transformers. This arrangement was found preferable, as 
the tension over the capacitors will increase with the 
current, whereby the effect of the capacitors is automati- 
cally adjusted, and the character of the furnace system 
will be very similar to that of a 25-cycle system. 

This was a radical solution and, for electric smelting 
furnaces of this size, it would be a new experience. Even 
after the most careful preparation by experts, such an 
arrangement undoubtedly involved a certain risk of un- 
expected complications and operating difficulties in the 
electric system and at the furnace. The experiment has in 
practical operation proved successful, and A/S Norsk 
Jernverk’s management and experts deserve credit for 
their decision. 

The condenser batteries with their safety devices, as 
well as electric equipment for the furnace regulation, are 
supplied by ASEA, Sweden. 
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Fig. 1. Electric pig iron plant and sintering department 
at A/S Norsk Jernverk. 


et 


Fic. 2. Cross section of an electric pig iron plant with 
33,000 kva Tysland-Hole furnaces. 


Layout AND FurRNACE DEsIGN 


The iron and steel works’ first stage of erection with a 
scheduled annual production of about 180,000 metric 
tons rolled steel comprises three electric pig iron furnaces, 
each with a planned annual production of 60,000 metric 
tons pig iron based on a furnace load of 18-20,000 kw. 
This stage is now completed. 

Each furnace is equipped with three single-phase, 
11,000 kva transformers, in total 33,000 kva/furnace. 
This is somewhat on the high side for an assumed furnace 
load of 20,000 kw, but it was decided not to limit maxi- 
mum furnace capacity by the electrical system. The total 
yield of the capacitors is approximately 14,000 kvar per 
furnace. Primary voltage is 22,000 v; secondary voltage 
can be varied from 120 to 245 v. 

The furnace shell is circular with three Séderberg elec- 
trodes arranged in triangular formation. The electrode 
diameter is 1,500 mm (approx. 59 in.). The furnace has a 
fixed roof of fire bricks supported by water-cooled beams. 
Six charging shafts are placed on the roof, symmetrically 
arranged at a certain distance from the electrodes. During 
operation, the shafts are always filled with the mixed bur- 
den which is fed by gravity from chutes connected to the 
furnace bins suspended from the upper floor. From the 
small gaps between the chutes and the shafts, the down- 
ward flow of the charge can be watched closely, giving an 
excellent control of the operating conditions in the furnace 
interior. 

The roof is equipped with a number of inspection holes 
and openings through which correction materials can be 
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Fic. 3. A/S Norsk Jernverk’s 20,000 kw Tysland-Hole 
furnace No. 1. 


Fic. 4. View from the furnace platform showing three 
completed 20,000 kw Tysland-Hole furnaces at A/S Norsk 
Jernverk. 


added. Such additions can also be made at the top of the 
furnace shafts. 

Gases are drawn from the furnace through two water- 
sprayed outlets in the cover. Suction is controlled auto- 
matically. The gas is cleaned in a wet scrubber system and 
is used for heating purposes in the steel shop, rolling mills, 
and other departments. The pressure inside the furnace is 
slightly positive, allowing a small amount of gas to escape 
through the shafts where it burns on the top. This ensures 
that no air is sucked into the furnace and, at the same 
time, the gas flames give a good indication of the operating 
conditions of the furnace. 

The electrode holders with their clamps are suspended 
from electrical hoists placed under the roof of the furnace 
building. According to the consumption, the electrodes 
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Fic. 5. Charging floor showing top of furnace bins and 
telpher for charging raw materials. 


have to be slipped occasionally a small distance downward 
through the holders. This is done at full load and without 
loosening the clamps. A brake system regulates electrode 
slipping. On the upper floor, welding of new electrode 
casings and filling of electrode paste is performed, without 
disturbing furnace operation. 

An automatic weighing system is arranged at a lower 
level in the raw material department adjacent to the 
furnace building. Separate scales under each raw material 
bin automatically and simultaneously weigh out the dif- 
ferent charge components, which afterwards are sand- 
wiched on a rubber conveyor. Via an intermediate hopper 
and a telpher hoist, the charge is transported to the upper 
floor in the furnace building and distributed to the furnace 
bins. During full operation, one desk operator and two 
telpher drivers per shift with two telphers are able to 
weigh out and feed four furnaces with the required amount 
of raw materials of 1,800-2,000 metric tons per day, or 
470-500 tons per furnace. 

One control room per two furnaces contains instrument 
and control panels for each furnace, instruments for safety 
devices, and control desk and instruments for the gas 
cleaning system. 

The furnace regulation is similar to that at other electric 
smelting furnaces. The load is controlled by regulation of 
the secondary voltage and by raising or lowering the elec- 
trodes. The secondary voltage can be changed in steps by 
a button-operated on-load tap changer. A constant furnace 
load is maintained by means of automatic electrode regu- 
lators, which govern the electrode hoists. The furnace load 
can also be controlled by hand operation. 

Iron and slag are tapped through one single tap-hole 
which is opened by electric arcing. The tap-hole is closed 
by means of a clay gun. Slag is skimmed off in the launder, 
granulated with water, and pumped away through a 
rubber pipeline. Iron is tapped into 60-ton iadles on ladle 


= on 
fee 
no 
th 
liye be 
alive op 
th 
4 
ky 
pe 
th 
1 
fre 
co 
fu 
co 


is and 


nward 
ithout 
ctrode 
etrode 
ithout 


lower 
to the 
aterial 
ne dif- 
sand- 
1Opper 
upper 
urnace 
d two 
ble to 
mount 
lay, or 


‘ument 
safety 
he gas 


‘lectric 
tion of 
elec- 
eps by 
urnace 
e regu- 
ce load 


up-hole 
closed 
under, 


ugh 
n ladle 


Vol. 103, No. 12 


carriages, by which it is transported to the nearby pig cast- 
ing machine or to the hot metal mixer in the steel shop. 


OPERATION 


The iron and steel works started operation in April 1955 
when the hydroelectric power plant was ready to deliver 
energy. The works were erected in a district which was 
yery little industrialized, most of the laborers being former 
fishermen and farmers. 

The start of the pig iron plant was awaited with special 
interest. After a period for baking the electrodes, furnace 
No. 1 was first tapped in the middle of May 1955. The 
furnace load was gradually increased to 14-15,000 kw, 
where it was maintained for some time in order to watch 
the operation and to give the crew sufficient training. The 
next furnace was started in July. 

During August and September, the load was slowly 
raised, and at the end of September it reached 20,000 kw. 
At the time of writing, a load of 19-20,000 kw has been 
applied for a period of about three months. During this 
time, furnace operation has been smooth and regular, and 
only minor adjustments have been made. Iron and slag are 
tapped regularly and at good temperatures. The burden 
feeds evenly, and the tendency to “bridge-building” and 
“hanging” in the smelting zone seems to be less than 
normal. Poking the furnaces has not been necessary. On 
the whole, furnace operation must be characterized as 
being at least as good as that of smaller types of well- 
operated Tysland-Hole furnaces, which is also indicated by 
the operating figures. 

Tappings are performed at about 5-hr intervals, giving 
about 40 metric tons of pig iron and 12-14 tons of slag. 

The iron ore used consists of high quality sintered mag- 
netite concentrates which, before sintering, are mixed with 
crushed limestone. The iron content in the sintered product 
is 62-63%. Slag volume is low; a quantity of 0.26-0.30 tons 
of slag per ton iron has been maintained. The daily pro- 
duction from one furnace unit has reached 200 metric tons, 
in some periods even higher. 

Consumption of electric power has averaged about 2,200 
kwh per metric ton pig iron (2,000 kwh per short ton). 
Even if the raw material conditions are favorable, this low 
power consumption is remarkable and considerably lower 
than anticipated. 

Silicon content of the pig iron has been maintained at 
17-20%. Power consumption figures generally given 
from other plants often refer to 1% Si. Taking this into 
consideration, the power consumption at the Mo i Rana 
furnaces is even more favorable. An increase in the silicon 
content of 1% requires some 120-130 kwh. 

Consumption of electrode paste also shows favorable 
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figures. Compared with 15 kg/metrie ton pig iron (30 lb/ 
short ton), which is a normal average, the monthly average 
at A/S Norsk Jernverk has been maintained between 8 and 
10 kg/metric ton (16-22 lb/short ton). 

The electrical installation with the capacitors has been 
working to the best of expectations. The external power 
factor is 0.93-0.95. 

Raw material consumption is about 1,500 kg of sintered 
ore per metric ton of pig iron, and 400-430 kg of coke. A 
large quantity of coke fines below 10 mm size is used. 
Consumption of fuel is dependent on the content of silicon 
in the pig iron. 

On the basis of results obtained up to the present, it is 
expected that each furnace will give an annual output of 
65-70,000 metric tons of pig iron (72-77,000 short tons). 
Whether it will be possible to increase the load and output 
is a matter which will have to be judged from experience in 
future operation. 

The increasing problems of supplying sufficient quanti- 
ties of metallurgical coke and the rising prices of this 
material are factors in favor of extended employment of 
the electric smelting process. Development of the process 
has not yet reached its limits. A further evolution toward 
larger units and more power-saving methods must. be 
expected. With the 20,000 kw Tysland-Hole furnaces of 
A/S Norsk Jernverk at Mo i Rana, an important step in 
this direction has been taken. 
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Discussion Section 


ELECTROKINETIC POTENTIALS OF BULK METALS 
BY STREAMING CURRENT MEASUREMENTS 


I. Method 


Ray M. Hurd and Norman Hackerman 
(pp. 594-597, Vol. 102) 

D. A. Vermityea!: The authors draw the conclusion, 
based on data shown in Fig. 3 of their paper, that the 
current (/,) flowing through the measuring circuit is much 
greater than the current (J.) flowing through the capillary. 
This deduction is based on equation (VII) and the fact 
that the external resistance R can be varied over quite a 
range without significantly affecting the current flowing 
in the measuring circuit. According to equation (VII), 
however, the ratio /,/I. (and, hence, /;, the measured cur- 
rent) will remain constant provided only that R remains 
very much smaller than (k4 + kpg)/aax. Hence, the fact 
that J; does remain constant as R varies from 10* to 10° 
ohms merely means that (ky + kg)/aan > 10° ohms. 
Nothing can be deduced from these data regarding the 
value of the ratio J,/J.; it could easily be less than unity, 
and the same type of variation of J; with R would still be 
observed. 

In order to be certain that /,/J, is actually very large, it 


| ke + ko | aap. 
is necessary to know that the ratio is very 


ka + kaj aco 
large. I would like to ask the authors whether they have 
other evidence which shows that this latter ratio is actually 
very large. 

NorMAN HackERMAN AND Ray M. Hurp: The point re- 
garding our interpretation of the current ratio J,/I. is well 
taken, as it is certainly true that curves of the type shown 
in Fig. 3 may be obtained with almost any initial ratio. It 
was not made clear that in equation (VIII) of the paper 
the quantity (ke + kp)/acy is much larger than the 
quantity (k4 + ky)/kax. Since k4 + kg is approximately 
equal to ke + kp, the relative magnitude of the above 
ratios is determined by the relative values of ac¢p and daz. 
The area a¢p was made much smaller than a4, by at least 
a factor of to 104, so (ke + kp)/aen > (ka + kp) 
From this point there follows: 

If, initially, (a) R « (kay + ke)/aap, it has essentially 
no influence on /,/J2, but [,/J2 must be greater than 10°; 
(6) R is approximately equal to (k4 + kg)/aap, is 
about 10°, and a decrease in J; would be noted where R is 
increased about two orders of magnitude; (c) R >» (ky 
+ ky) /aan, the ratio of may have any value but it 
would be impossible to obtain curves like those in Fig. 3 

It is virtually certain that condition (6) obtains when R 


This Discussion Section includes discussion of papers ap 
pearing in the Journat of The Electrochemical Society, 
102, No. 10 and 11 (October and November 1955), and 
103, No. 1-6 (January-June 1956). Discussion not available 
for this issue will appear in the Discussion Section of the 
June 1957 JourNAL. 

' Metallurgy and Ceramics Research Dept., General Elee- 
trie Co., Schenectady, N. Y. 
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is initially 10* ohms, as it was in this work. We appreciate 
Dr. Vermilyea’s interest and the opportunity thus af- 
forded to make this important point clear. 


SURFACE CONTAMINATION OF COPPER BY 
PHOSPHATE ION DURING ELECTRO- 
POLISHING—USE OF P® 


N. H. Simpson and Norman Hackerman 
(pp. 660-661, Vol. 102) 

P. A. Jacquet: I am rather surprised that the authors 
did not mention any of the papers in which I have since 
1935 described in detail the electropolishing technique of 
copper in orthophosphoric acid.* 

I do not agree with the need of first dissolving a certain 
amount of metal to obtain correct polishing. This is alto- 
gether unnecessary. A new solution gives as good results 
as an old one, provided that the requested operation con- 
ditions are satisfied (density of the PO,H; solution: 1.34 
to 1.44; electrical circuit with potentiometer resistance, 
horizontal electrodes, voltage: 1.80 v). 

In 1950, Dr. M. Jean and I published two papers con- 
cerning the quantitative estimation of phosphorous com- 
pounds retained on copper, zinc, or magnesium surfaces 
electropolished in aqueous or alcoholic POH; solutions.! 
The method is sufficiently sensitive (> 5 K 107° g/cm*) 
to allow determination of the most favorable washing 
conditions to reduce to the minimum the quantity of 
superficial impurity containing the phosphorus. 

It is regrettable that the authors did not mention this 
work performed without the help of radioactive phos- 
phorus. 

N. H. AND NorMAN HacKeRMAN: We thought 
that Dr. Jacquet’s influence in this general field was so 
well known that it was not necessary to refer in this short 
note to the long list of papers he has to his credit. He is 
entirely correct, however, in stating that reference should 
have been made to the paper cited in footnote 4, and we 
appreciate having the opportunity to correct this over- 
sight. 


THEORETICAL ELECTROMOTIVE FORCES FOR 
CELLS CONTAINING A SINGLE SOLID OR 
MOLTEN CHLORIDE ELECTROLYTE 


Walter J. Hamer, Marjorie S. Malmberg, 
and Bernard Rubin (pp. 8-16, Vol. 103) 


PauL Drosspacu®: The authors discuss the difference 
between the thermodynamic and experimental values of 
the emf of the cell Pb/PbCL/Ch. 

New Russian measurements from Lantratov and Alaby- 


275, Rue Jeanne-D’Are, Saint-Mandé (Seine), France. 

*P. A. Jacquet, Nature, 195, 1076 (1935); Trans. Elec 
trochem. Soc., 69, 629 (1936); Rev. mét., 37, 210, 244 (1940); 
ihbid., 42, 133 (1945). 

'P. A. Jacquet anp M. JEAN, Compt. rend., 230, 1862 
(1950); Rev. mét., 48, 537 (1951). 

> Nibelungenstrasse 50, Miinchen 19, Germany. 
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tev’ are also available that provide the following com- 
parisons : 


Temp, °C 500 700-800 
Thermodynamic value 1.271 1.215 1.162 1.112 
Lantratov 1.275 1.221 1.168 1.115 


The present existing deviations may well be within the 
tolerance of the thermodynamic values. Deviations of 
considerable magnitude between thermodynamic and di- 
rect emf values of other cells lie mostly outside the error of 
measurement. We have made complete investigations of 
the behavior of the chlorine electrode in molten chlorides 
wherein the porosity of the carbon anode was varied from 
20% to 3%. In addition, common carbon of technical 
quality, spectrum clean carbon, and atomic graphite were 
studied for anodic material. In accordance with my meas- 
urements of approximately 20 years ago, an overvoltage of 
chlorine was determined in the electrolysis of molten 
(fused) salts. In addition, there exist impedance measure- 
ments that point to a slow heterogeneous reaction upon the 
evolution of the chlorine (probably Cl + Cl = Cl). 

If the emf of the cells is measured when a capsulated 
carbon electrode is used as a chlorine electrode by washing 
it only with chlorine, then the measured emf values are 
mostly too low. However, if one electrolyzes for only a few 
minutes with, for example, 1 amp, then one obtains very 
constant values of the emf, always, of course, by further 
introduction of Cl. into the anodic chamber, which are 
somewhat higher than if one proceeds without this current 
impulse. Evidently, by only washing the electrode with 
chlorine one does not obtain anywhere near sufficient 
saturation of the electrode, as is obtained by a brief electro- 
lization. The various kinds of carbon behave in a manner 
so that, for example, with spectrum-clean carbon as well 
as with carbon of 3% porosity, one obtains constant values 
considerably faster. The overvoltage of chlorine is higher 
with carbon of higher porosity than with lower porosity. 
The same result also was determined in aqueous solutions 
during the evolution of hydrogen or oxygen or chlorine on 
carbon electrodes. 

On the basis of our experiments we feel that we can 
state that one should not make cell measurements in 
molten (fused) salts (but also in aqueous solutions) without 
a thorough study of the kinetics of the electrode processes. 
In thermodynamics one should never overlook the fact 
that cells, which on charging show an overvoltage, with 
current drain (as well as with cell measurements in pre- 
sumed equilibrium), must give values that lie under the 
equilibrium values. 

W. J. Hamer: It is gratifying that the recent experi- 
mental work of Lantratov and Alabytev on the cell 
Pb/PbCl./Cl. agrees so well with the theoretical thermo- 
dynamic values given in our paper. The Russian literature 
is so difficult to keep up with, and I regret the oversight. 
Mr. Drossbach’s remarks on deviations that might be 
expected from the theoretical values are concordant with 
those we mentioned. I believe his remarks on the behavior 
of carbon electrodes, especially prior to the passage of 
current, are novel and interesting. 


F. Lanrratov anp A. F. ALaBytev, J. Appl. Chem. 
(U.S.S.R.), 26, 353 (1953). 


DISCUSSION SECTION 


REACTIONS OF REFRACTORY SILICIDES 
WITH CARBON AND NITROGEN 


Leo Brewer and Oscar Krikorian (pp. 38-51, Vol. 103) 


Leo BREWER AND OscarR KrikorIAN: Since publication 
of our data, new calorimetric and vapor pressure data 
have become available. Robins and Jenkins’ have taken 
advantage of the rapid rate of reaction of metals with 
silicon to determine the heats of formation of a number of 
silicides. They initiated each reaction by a thermite charge 
which evolved a known amount of heat. Thus the difference 
between the calorimetrically determined heat evolution 
and the heat due to the thermite charge gave them the 
heat of reaction. Searcy and Davis* have determined the 
vapor pressures of silicon over pure silicon and over mix- 
tures of metal silicide phases.° 

The heats of formation of the silicides listed by Robins 
and Jenkins fall in or close to the ranges given by us 
except for the zirconium silicides. The excess of silicon 
observed in the final samples of Robins and Jenkins indi- 
cates that their zirconium silicide heats should be some- 
what more negative due to incomplete reaction. On the 
other hand, the zirconium silicide heats given by us are 
much too negative due to a misinterpretation of our re- 


HE, 


Fig. 1. Provisional diagram of the Zr-Si-O system at 
1950°K and 1 atm. 


sults for the Zr-O-Si phase diagram. From the observation 
that silicon reacted with ZrO to form ZrSis, we concluded 
that silicon and ZrO. could not coexist and thus we drew 
joins between ZrSic and SiO.. However, calculation of the 
SiO partial pressure under our conditions shows that a 
partial pressure of over 107 atm SiO can be expected. 
This is large enough to cause loss of SiO even with an inert 
atmosphere blanket. Thus the reaction observed between 
ZrO. and Si must be $ZrO.(s) + 28i(1) = SiO(g) + 
$ZrSie, and Si and the ZrO». phase can remain in equilib- 
rium with one another without reaction if loss of gas can 
be prevented. Thus the phase diagram given in Fig. 1 of 
our paper must be modified as indicated in Fig. 1 given 
here. 

By combination of our phase diagram data with the 
‘alorimetric determinations of Robins and Jenkins and 
the vapor pressure data of Searcy, it is possible to present 

7D. A. Rospins anno I. JENKINS, Acta Met., 3, 598 (1955). 

A.W. Searcy ann8.G. Davis, Private communication. 

A.W. Searcy anp A. G. Tuarp, Mo-Si System, Private 
communication; A. W. Searcy anp C. E. Myers, Ta-Si 
System, Private communication. 
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TiSis (orthorhombic TiSi, type) —16.1 
TiSi —31.0 

H Ti;Si; (hex. Mn;Si; type) —46.2 

4 ZrSiz (orthorhombic ZrSiz type) —19 
ZrSi (orthorhombic FeB type) —37 

t ZrSi; —41 

4 Zr,Si. (tet. type) —46 

Zr,Si; (hex. Mn,Si; type) —46 
ZrSi (tet. CuAl, type) —50 
Zr,Si (several types) —52 

4 CeSi, (tet. aThSi, type) —16.6 to —34.4 
1/x CeSi, <—16.6 

4 NbSi, (hex. CrSi, type) —8.5 to —21 
} Nb,Si; (hex. Mn,Si; type) —21 + 10 


4 Nb,Si,; (tet. Cr,Si, type) —21 + 10 


TABLE I. AH%,, of formation in keal/gram atom Si 
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4 TaSi, (hex. CrSi. type) | —11.6 + 3 
3 Ta;Siz (tet. Cr; Si; type) —26.7 + 3 
Ta.Si (tet. CuAl, type) —29.3 + 3 
5 TaSin 2 —34.4 + 3 
| § Tag sSi;Co., (hex. Mn,Si; type) | —25 to —38 
MoSi, (tet. MoSi. type) —15 + 5 
Mo;Si; (tet. Cr; Si; type) | —20.5 + § 
| Mo,Si (cubie Cr,Si type) —21 + 5 
} Mo,CSi; (hex. Mn:;Si; type) —21 + 5 
4 WSi, (tet. MoSi, type) | 
| } (tet. Cr,Si; type) | to —20 
| ReSi, (tet. MoSi, type) —8.3 
ReSi (FeSi type) —10.2 
| 2 ReSiy 5 | —12.6 


a rather complete table of heats of formation of the re- 
fractory silicides. These are presented in Table I; the x-ray 
structure type is indicated when known. The x-ray desig- 
nations were obtained from Templeton and Dauben” and 
Parthé." All known binary silicide phases of the Ti, Zr, 
Nb, Ta, Mo, W, and Re systems are listed except for 
NbSio.2, which is isomorphous with TaSio.» but not with 
Tay.Si (hex. Ni,sSn type), and for Nb,Si; and Ta;Si; of 
the tet. CrsB3 type which should have heats close to those 
given for Nb;Si; and Ta;Si; of the tet. Cr;Sis type. 

These new values allow a more precise examination of 
the variation of bonding energy. In the discussion of 
bonding energy, the energy required to form 2 g atoms of 
atomic vapor is used as the bonding energy for all the 
compounds as well as the elements. Brewer and Kriko- 
rian’ have plotted vs. position in the periodic table the 
bonding energies of the elements as well as those for many 
of the refractory compounds. 

The similarities between the curves suggest that the 
bonding must be similar in the metals and in the refractory 
borides, silicides, carbides, and nitrides. A striking indica- 
tion of the similarities of the bonds in the elemental 
phases and in the silicide phases is shown by the virtually 
constant values for the heats of formation of the MSi, 
phases ranging from the third to the seventh group of the 
periodic table. The ratio of the bonding energies of nitrides, 
carbides, and silicides to those of the corresponding metal 
also shows regularities that are useful for prediction of 
unknown heats. 

Perhaps an even better way of predicting trends in the 
bonding energies is to compare bonding energies for com- 
pounds of a group in the periodic table. Thus the ratio of 
the bonding energies of MoN to WN is 1.090. The same 
ratio for the silicides Mo,Si; and WSio.7 is 1.087. For the 
carbides MoC and WC the ratio is 1.091. 

There are now enough data and sufficient indication of 
trends across the periodic table to allow rather good pre- 
dictions of the heats of formation of refractory compounds. 

D. A. Rosins": It is interesting to compare the esti- 


‘© H. TempLeton anv C. Dausen, In preparation. 

Brewer O. H. Krikorian, University of Cali- 
fornia Radiation Lab. Report UCRL-3352, March 1956; see 
also, O. H. Krikorian, University of California Radiation 
Lab. Report UCRL-2888, April 1955. 

8 Research Labs., General Electric Co., Ltd., Wembley, 
Middlesex, England. 


mated heats of formation data for the transition metal 
silicides, given in the discussed paper, with the experi- 
mentally determined values of Robins and Jenkins! (see 
Table I). Except for the zirconium silicides the experimen- 
tal values do, in fact, lie within the wide limits estimated 
from their reactions with carbon and nitrogen, although 
the mean estimated value is usually higher than the ex- 
perimental value. For the zirconium silicides the measured 
heats of formation lie outside the lower limits given in this 
paper. From plots of the bonding energy against atomic 
number, Brewer and Krikorian have estimated narrower 
limits for a number of silicides and again the experimental 
values all lie outside the lower limits given. Although esti- 
mated values can only be approximate, can the authors 


TABLE I. A comparison of estimated and experimental heats 
of formation data 


Heat of Formation (kcal/g atom Si x(—1)) 


Brewer & Krikorian Brewer & Krikorian, 
Table III from ref. (1) p. 50 
sTiSi, 15.4to34.9 | 2+5 16.1 
TiSi 15.4 to 65.8 | 48 +10 | 31.0 
ITi,Si; 20to 86.1 | 75420 | 46.2 
% LrSiz 305245 | | 17.9 
ZrSi 58+10 | 35.3 
Sis 66+ 10 | 
1Zr Siz 72410 | 48.8 
| 12.8to 32.3 | 248 | 13.9 
1Ta;Si; 20 to 77.2 | 53 + 20 25.3 
4MoSi- | §.8 to 15.5 | 15.7 
1.6t017.2 | 13+ | 


suggest why the methods they have employed should yield 
results nearly all of which are rather high? 

It is a well-known characteristic of the transition metals 
that the bond strengths of the elements in a given group of 
the periodic table increases with increasing atomic num- 
ber." As pointed out by the authors, similarities between 
the transition metal and their silicides in this respect indi- 
cate that the types of bonding present in the two cases are 
similar; other properties of the silicides, such as their 
electrical conductivity, confirm that the bonding is essen- 
tially metallic in character. For the disilicides the metal- 


A. Ropins I. JENKINS, Acta Met., 3, 598 (1955). 
W. Hume-Rotnery anv B. R. Cotes, Advances in 
Physics, 3, 149 (1954). 
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metal bonding present in the uncombined metal is com- 
pletely destroyed on combination with silicon, it being 
replaced by strong metal-silicon bonding.“ In these com- 
pounds the metal-silicon bonding must, therefore, be 
metallic in character. It seems likely that, in the lower 
silicides also, the silicon atoms can best be described as 
sharing in the metallic bonding rather than simply con- 
tributing electrons to it; the presence of the silicon atoms 
alters the character of the spd hybrid bond orbitals of the 
metal atoms, although some electron transfer may take 
place in addition." 

It is undoubtedly true that the most stable silicides are 
to be found farther to the left in the periodic table than 
are the metals of highest bonding energy. Hume-Rothery, 
Irving, and Williams have shown that, when an atom of 
valency n has N neighbors, a maximum in the stabilization 
due to resonance might be expected when n = N/2 sug- 
gesting a bonding energy maximum for the Group Vla 
metals.” In spite of the different crystal structures of the 
Group IVa, Va, and VIa disilicides, in each case the metal 
atoms are surrounded by ten silicon atoms." This lower 
coordination number coupled with the relationship for 
maximum resonance stabilization is in agreement with the 
most stable silicides occurring farther to the left in the 
periodic table than do the metals of highest bonding 
energy. As more crystallographic data become available 
for the lower silicides, it would be of interest to see if, for 
these compounds also, the coordination number of the 
metal atoms is lowered by combination with silicon. 

Leo Brewer: I believe our note above answers Dr. 
Robins’ question as to why the zirconium silicide heats 
were high. As the estimated heats for the other elements 
depended upon the zirconium silicide values, they were 
also high. The estimates based on the present values should 
be reliable. 

In regard to the trend of stability in the periodic table, 
the correlation with coordination number does not seem 
to be a useful one. We have examined the data for silicides, 
carbides, borides, and nitrides and it is difficult to find 
such a correlation. For one thing, it is difficult to define a 
coordination number for the more complex structures, but 
even an attempt to use approximate coordination numbers 
does not seem fruitful. Dr. Robins has suggested that the 
lower silicides would have low coordination numbers. 
Crystallographic data are now available for many of the 
lower silicides and many of them show quite high coordi- 
nation numbers for the metal atoms. For example, the 
Mo,Si has the 6-W structure for the metal atoms, which 
has a coordination number of 13. 


ELECTROCHEMICAL CORROSION IN NEARLY 
NEUTRAL LIQUIDS 


U. R. Evans (pp. 73-85, Vol. 103) 
G. T. Paut'*: I would like to inquire how well an elec- 
trochemical mechanism has been established in nonaque- 
os organic corrosive media. There are, of course, anhy- 


TL. Pautina, Proc. Roy. Soc., 196(a), 343 (1949). 

Hume-Rotuery, H. M. Irvine, anp R. J. P. 
Wituiams, Proc. Roy. Soc., 208(A), 431 (1951). 

*® Corrosion Engineering Section, International Nickel 
Co., Ine., New York 5, N. Y. 
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drous media containing conductive components other than 
water, such as ammonia, sulfur dioxide, or ethylene dia- 
mine. (Ed. Note: Dr. Evans replied to this initial question 
that he was not aware that an electrochemical mechanism 
had been established at all in such media, and asked if the 
discussor had some indication to offer. The rest of this dis- 
cussion was substantially Dr. Paul’s reply.) 

In a previous position I was concerned with a case of 
corrosion (aggravated by erosion) of austenitic stainless 
steel (Types 304 and 316) autoclave parts in such a 
medium. A chemical process exposed lining and heating 
coils to an anhydrous solution of methanol, dicyandiamide, 
and ammonia, containing suspended matter. Inspection 
showed “low” surfaces with the smooth appearance of 
actively corroding anodes. Some of these areas of coils 
were found, by caliper measurement, to have lost thickness. 
Some also collapsed and perforated. There were also “high” 
surfaces with a rougher appearance, apparently cathodes 
in more nearly original condition. The medium was known 
to be electrically conductive, and the probably electro- 
chemical nature of this corrosion occurred to several 
corrosion engineers. 

Detection of the passage of currents within an autoclave 
is not simple, and none was proven. The investigation was 
discontinued after wear plates had been installed to protect 
the liners, and a relaxation in the production schedule had 
made it possible to reduce the heat load on the coils, thus 
reducing their exposure temperature. 

FUSION ELECTROLYSIS OF BISMUTH 
TRICHLORIDE 


Paul M. Gruzensky (pp. 171-173, Vol. 103) 

A. C. Loonam": The advantage of high current density 
for the fused bath mentioned by Dr. F. A. Lowenheim is 
offset by the high energy consumption. I imagine that 
deposition from an aqueous bath would not require more 
than 0.5 kwhr/Ib. 

The evidence seems to be that metallic bismuth is in true 
solution in the molten trichloride. If I remember correctly, 
bismuth and its triiodide are miscible in all proportions in 
the liquid state and the system has a eutectic. 

Paut M. Gruzensky: Subhalide formation and _ col- 
loidal dispersion or “fog” have been postulated in the past 
as possible explanations for the solubility of metals in 
their molten halide salts. However, recent evidence appar- 
ently indicates that a true solution is formed. In this con- 
nection the outstanding work of D. Cubicciotti is noted. 

Two of the primary objections to aqueous electrolytes 
are (a) bismuth compounds hydrolyze readily in aqueous 
solutions so that a high acidity is required, and (b) deposits 
are often dendritic in nature and must be scraped from 
the cathode periodically to prevent short-circuiting. We 
carried out a few experiments with deposition from an 
aqueous BiCl;-HCI electrolyte and found the power re- 
quirements to be approximately 0.4 kwhr/lb. At the 
present price of bismuth, energy consumption would rep- 
resent only a small fraction of total cost and, in cases of 
increased demand as could be visualized in a national 
emergency, a high current density process might offer 
many advantages. 


1 70 E. 45th St., New York 17, N. Y. 
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F. C. Matuers”: There is no trouble with a crystallined 
cathode deposit from an aqueous electrolyte of bismuth 
perchlorate. So far as our work went, all other salts of 
bismuth gave very crystalline deposits. Another unex- 
plained property of all perchlorates compared to other 
salts is that hydrolysis is much less, hence less free acid is 
required in the solution. It perhaps can be assumed that 
there are complexes in solutions of perchlorates. 

Paut M. Gruzensky: Several complexes have been re- 
ported in which bismuth has a coordination number of 6; 
however, little is known concerning the chemical nature 
of bismuth in perchlorate solutions. Perhaps higher rea- 
gent costs and the instability of perchlorates in general 
have aided in discouraging work with bismuth perchlorate 
electrolytes. 


POLARIZATION IN AN ALUMINUM 
REDUCTION CELL 


Warren E. Haupin (pp. 174-178, Vol. 103) 


Roperto PionTeELLI AND GruLio Montane The 
objection of the author to the use of corundum containers 
for reference electrodes seems to us rather excessive. 
Making use of corundum of the sintered compact type 
(available on the market), we® obtained tolerably good 
results. 

In a bath having an initial content of 4% Al.O; the rate 
of the attack on corundum, at 1000°C, is in the range of 
0.06 to 0.17 g/cm? of exposed surface and per hour. The 
resulting change in composition of the bath is thus by no 
means severe, especially at the polarized electrode. 

The local addition of AlO; at the polarized electrode 
causes a potential change of 15 to 20 mv, in absence of 
current, indicating that the bath actually is not saturated 
with Al,O;. Al.O; is as important at the cathode as a bath 
constituent as at the anode where it supplies oxygen. On 
the other hand, aluminum fluoride appears to have its 
major effect at the cathode by increasing the activity of 
the Al ion in the bath. Both Al,O; and aluminum fluoride 
cause the Al reference electrodes to become more noble, 
but the potential shift is smaller for Al,Os. 

Concentration polarization accompanying the flow of 
current is increased by increasing the concentration of 
Al.O;. Therefore, the main effect of the solution of Al.O; 
from the container of the reference electrode is to produce 
a small increase in the concentration overvoltage. It there- 
fore appears that the use of a reference electrode, with the 
aim of giving conclusive evidence on the processes at a 
single electrode, is still a justified practice, especially for 
studying the cathode processes. This also holds true in 
spite of the fact that the problem of finding a very stable 
reference electrode for cryolite baths is still unsolved. Our 
last results with aluminated graphite are encouraging, 
however, while Russian authors* claim the advantages of 
oxygen-graphite reference electrode. 

To compare, as Haupin attempts, our cathode overvolt- 

2° Indiana University, Bloomington, Ind. 

2! Lab. of Electrochemistry, Physical Chemistry, and 
Metallurgy, Polytechnic Institute of Milan, Milan, Italy. 

2, R. PionTeELLI AND G. MonraNe tut, Alluminio, 25, 
79 (1956). 

228. 1. N. A. ANisneva, aNp L. P. Kunopak, 
Doklady Akad. Nauk S.S.S.R., 917, 859 (1954). 


December 1956 


age data with the one oscillographic record given by 
Rempel and Khodak,™ a more accurate analysis seems 
necessary. 

The data of Rempel and Khodak on cathode processes 
were reported at an anodic current density of 0.25 amp/ 
em*. The cathodic current density was not specified, but 
must have been much less than this figure. The over- 
voltages given in our preliminary paper” correspond to an 
actual cathode current density of 1 amp/cm*. With our 
present improved technique, we have investigated both 
anodic and cathodic polarization at 1 amp/cm? and lower 
current densities by use of the Al reference electrode. 
Although the data of Rempel and Khodak are not suf- 
ficiently complete for accurate interpretation, their data 
still do not seem to agree with our data. Their cathodic 
overvoltage seems to be constant. According to our results, 
the cathode overvoltage is almost entirely of the “concen- 
tration type,” the “exchange” (or transfer) overvoltage 
being negligible in practice. The cathode overvoltage is 
thus governed by the initial value of the Al/Na ratio, by 
the c.d., and by the circumstances deciding the diffusion 
rate. 

This overvoltage increases not only with ¢.d. but, at 
any given c.d., with time, as the Al/Na ratio at the elec- 
trode surface decreases till a steady state is eventually 
attained. 

The influence of the ratio AlF;/NaF, we found in our 
overvoltage measurements, has been confirmed by meas- 
uring (a) “static voltages’ of some concentration cells, 
(b) ‘polarization voltages” in cells in which both the 
anode and the cathode were formed by Al. 

This influence lies in the opposite direction to that 
found by Haupin in determining the whole cell polariza- 
tion by his method. We are unable at present to advance 
any statement on this method. 

Perhaps the influence of the ratio AIF;/NaF at the 
carbon anode is opposite in direction and greater than that 
found by us at the Al cathode. It is in fact probable that 
the anode polarization predominates over cathode polari- 
zation. This is especially true in the Haupin cell and the 
cell of Rempel and Khodak because the dissymmetry of 
current distribution will increase considerably the anodic 
polarization in respect to the cathodic polarization. We 
hope to be able to give in the near future more conclusive 
evidence also on the overvoltage phenomena at the anode 
of Al cells. 


MECHANISMS OF HYDROGEN PRODUCING 
REACTIONS ON PALLADIUM 


Il. Diffusion of Electrolytic Hydrogen 
through Palladium 


Sigmund Schuldiner and James P. Hoare 
(pp. 178-181, Vol. 103) 

GEORGE DuBPERNELL”: The authors are to be con- 
gratulated for their painstaking work in a field which can 
be very fruitful from a theoretical point of view. It was 
particularly good to see the effort which was expended to 

248.1. Remper L. P. Knopak, Zhur. Priklad. Khim., 
26, 931 (1953). 

2° R. anp G. Alluminio, 22, 
672 (1953). 

26 Metal and Thermit Corp., Detroit 20, Mich. 
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check the diaphragms for holes or porosity. Attention is 
called to a simple method for doing this which was sug- 
gested some years ago.” Briefly, this consisted of reversing 
the polarity, and, if anode polarization diffused as well as 
eathede polarization, it seemed a safe assumption that a 
hole was present. Other tests confirmed the presence of 
such holes. 7 

S. ScHULDINER AND J. P. Hoare: We thank Dr. Dub- 
pernell for his comments. However, we must point out 
that the reversing of polarity test which he mentions would 
not conclusively prove the presence of holes if there was 
some diffusion of oxygen atoms or ions through the metal. 
Evidence that, under electrolytic polarization, oxygen can 
diffuse through a metal was given by Smith,?* De Boer and 
Fast,2* and Kalish and Burshtein.” 


ELECTROCHEMICAL TECHNIQUES IN THE 
THERMODYNAMICS OF METALLIC 
SYSTEMS 


R. A. Oriani (pp. 194-201, Vol. 103) 


F. A. Trumpore*: In his review article, the author pro- 
poses a new application of the emf method to the deter- 
mination of surface free energies. Another thermodynamic 
application of the emf technique is suggested by relatively 
recent work on the supercooling of metals. For example, 
Turnbull and Cech found that small samples of certain 
metals could be supercooled hundreds of degrees below 
their melting points. Hence, an emf cell of the type 


M (supercooled liquid) | M"* | M (solid) 


might well be stable and reversible for appreciable lengths 
of time. The free energy change associated with this cell 
would be the free energy of fusion, AF;, of the metal M 
at the temperature of operation of the cell, i.e., 


AF, = nEF 


Assuming the heat of fusion to be independent of tempera- 
ture, a good assumption near the melting point, T™, the 
equation 

M 
AH; = nES 
is valid and the heat of fusion, AH, of the metal could be 
obtained from the emf of such a cell. If the temperature 
dependence of the emf is known accurately, the value of 
AC, = Cp” — CS could also be determined along with the 
variation of AH, with temperature. An attempt to deter- 
mine the heat of fusion of germanium by this method is 
at present under way at this laboratory. 

A further comment may be of interest to workers in the 
emf field. I have found that, by playing a jet of air on the 
quartz cells on removal from the furnace, the solidification 


7 A. L. FerGuson anp G. DuBPERNELL, Trans. Electro- 
chem. Soc., 64, 221 (1933). 

*D). P. Smirn, Z. Physik, 78, 815 (1932). 

*J.H. De Borer anv J. D. Fast, Rec. trav. chim., 59, 
161 (1940). 

V. R. K. Bursutrein, Doklady Akad. 
Nauk. S.S.S.R., 88, 863 (1953). 

* Bell Telephone Labs., Inc., Murray Hill, N. J. 

anp R. Cecu, J. Appl. Phys., 21, 
S04 (1950). 
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of the fused electrolyte can be controlled in such a way 
that breakage of the cell, mentioned by the author, can be 
prevented in most cases. 


SODIUM-ALUMINUM EQUILIBRIA IN 
CRYOLITE-ALUMINA MELTS 


Morris Feinleib and Bernard Porter 
(pp. 231-236, Vol. 103) 

Roserto The authors present as the 
“primary aluminum school’ a group also including Bel- 
vaev and Pearson. As a matter of fact the point of view of 
Belyaev,™ shared again by Pearson in his recent presenta- 
tion of the matter,* is different in principle from ours, in 
spite of the apparent coincidence of conclusions. Belyaey 
tries to obtain conclusive evidence on the mechanism of 
the electrode processes from measurements of decompo- 
sition voltages for the cell. The apparent uncertainty of 
the Belyaev data is now explicitly admitted by Pearson 
himself, but, in our opinion, the principle of this method 
is also untenable, and therefore we cannot accept the 
presentation Pearson gives of the problem. 

Considering the kinetic aspects of the cathode processes 
and the evidence furnished by our experimental results, 
we think that the distinction we made between the differ- 
ent contributions, from which the measured overvoltage 
results, is essential. 

These contributions are: (a) the “concentration over- 
voltage’; (b) the “exchange (or transfer) overvoltage”’; 
(c) any ohmic contribution which may not have been 
taken into account in the correction of the systematic 
errors; (d) the contribution deriving from the instability 
of the reference electrode. 

Taking into account the last two terms, it appears that, 
at 1000°C, with usual bath conditions, in the c.d. range 
from 0 to 1 amp/cm?, both at the cathodic and the anodic 
side, the contribution (6) is negligible for the Al electrode. 

Neither thermodynamic nor kinetic reasons seem to 
subsist therefore at present for not considering the primary 
aluminum separation as the preferred and actual cathode 
process. This conclusion is true, however, provided that, 
in the layer at the electrode surface, the Al/Na ratio is 
high enough for avoiding the inversion of the relative 
nobility of the two metals. 

The decrease of the Al/Na ratio at the cathode sur- 
face results in a concentration overvoltage, corresponding, 
in practice, to the total true overvoltage. This concentra- 
tion overvoltage increases with the current density. 

At any given c.d. it increases moreover with time, 
tending to an eventual steady value which, at 1 amp/cm*, 
under the conditions of our experiments, amounts to 0.20 v 
or more, according to the initial bath composition. 

When the values of the Al/Na ratio, at the electrode 


% Lab. of Elecirochemistry, Physical Chemistry, and 
Metallurgy, Polytechnic Institute of Milan, Milan, Italy. 

A. IT. BeLyarv, 7’svetnaya Met., 13 (7), 87 (1938). 

% T. G. Pearson, “The Chemical Background of the 
Aluminum Industry,’’ Royal Institute of Chemistry, Lon- 
don (1955). 

36 R. Pronre it, Chimica e industria (Milan), 22, 501 
(1940); J. Chim. Phys., 49, 29 (1952); Alluminio, 22, 731 
(1953); R. aNp G. MontTANELLI, ibid., 22, 672 
(1953); cbid., 25, 79 (1956). 
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surface, become low enough, the parasitic side reaction of 
sodium separation intervenes. In the absence of any 
kinetic hindrance opposing not only the aluminum ionic 
exchange but also the sodium one, the results would then 
be governed by the bath composition in quite the same 
manner as this composition decides the heterogeneous 
equilibrium in the absence of current. 

We have at present no arguments for checking the hy- 
pothesis of the authors which admits an overvoltage 
governing the evolution of sodium on a liquid aluminum 
cathode. This overvoltage would constitute in practice a 
further defense against the sodium evolution, even as a 
parasitic process. The experimental evidence accumulated 
in the last years” shows the tendentious absence of any 
overvoltage of the exchange type at high enough tempera- 
tures in melted electrolytes. 

However, since sodium is a gas at 1000°C and 1 atm, 
one could admit the existence of some kinetic hindrance 
in this case. The displacement reactions, in which sodium 
is evolved, are however so fast in practice that no conclu- 
sive evidence seems to exist at present in favor of this 
hypothesis. 

Among the possible sources of current inefficiency in 
industrial aluminum cells, the authors seem to neglect the 
metallic fog, which here is considered by many industrial 
experts to be an important one. 

Morris AND BERNARD Porter: The authors 
welcome Dr. Piontelli’s comments and find little quarrel 
with most of them. ’ 

We have not neglected the so-called ‘‘metallie fog’? or 
“metal fog.”” We are simply reluctant to use this term, 
since it merely covers up our ignorance of what really 
constitutes this fog. As we see it, the “metal fog” may 
consist of one or more of the following: (A) Monovalent 
aluminum compounds; (B) Finely dispersed aluminum 
present in the melt and arising (a) mechanically, (6) by 
disproportionation of monovalent aluminum species, (c) 
by sodium vapor reduction; (C) Sodium vapor bubbles. 

All of these have been mentioned in our paper. We hope 
one day to be able to carry out experiments which will 
shed some light on the nature of the “metal fog” in alu- 
minum cells. 


ACCELERATION OF THE DISSOLUTION OF IRON 
IN SULFURIC ACID BY FERRIC LONS 


Harry C. Gatos (pp. 286-391, Vol. 103) 


A. C. Makripes**: Dr. Gatos has made a worthwhile 
experimental contribution to the study of dissolution of 
steel in the presence of depolarizers. Interpretations of 
measurements of total dissolution rate usually assume that 
the contribution of the hydrogen evolution reaction is 


7 R. B. Rivotra, anp G. MontTANELLI, Z. 
Elektrochem., 59, 64 (1955); R. Pronretur anp G. Monta- 
NELLI, J. Chem. Phys., 22, 1781 (1954); R. PrlonTeLui AND 
G. Srernuer, itbid., 23, 1358. 1971 (1955); R. 
G. aNp G. Srernuerm, Rev. Mét., In print 
(1956); J. Chem. Phys., In print, 24 (1956); R. Pronrewui, G. 
M. Francini, R. Manocna, Rend. ist. 
lombardo sci., 90, 3 (1956). 

% Dept. of Chemistry, University of Texas, Austin 12, 
Texas. 
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TABLE I 


| 


k Ferric k 

conc t 

concentration (cm/sec) | | 
0.010 Bes 0.270 | 1.8 X 10" 
0.021 |} 1.4 0.274 | 1.8 
0.077 | 2.1 0.311 1.7 
0.113 1.2 0.342 | 2.0 
0.180 1.6 0.383 | 1.9 


Note: The value k = 0.03 em/sec given by the author for 
0.416 and 0.042 m/l FeCl; does not agree with the values 
calculated from Table II and given above. Results show 
considerable scatter at small concentrations. This may be 
due to our assumption that in all cases the area was 194 


negligible. Dr. Gatos’ determination of a material balance 
for the whole reaction helps, therefore, to clear up this 
point. Further, his discovery that at large concentrations 
of ferric ion (>0.5 M) the reaction rate decreases with 
concentration of ferric ion is interesting and a promising 
subject for further investigation. Unfortunately, some of 
the conclusions presented in the paper are open to question, 

While transport of matter under free convection, par- 
ticularly with the added complication of stirring by evolved 
gas, is not entirely understood, it can be treated empirically 
and to a certain extent even in theory. Previous investi- 
gations of this phenomenon®: “ have been ignored by the 
author with the result that some of the presumed difficul- 
ties of diffusion-control theory to account for the author's 
observations do not in reality exist. 

In Fig. 2 of his paper the author has drawn two straight 
lines through the experimental points and then in his dis- 
cussion has attached significance to their difference in 
slope. This figure presents total weight loss as a function of 
concentration of ferric ions whereas the appropriate quan- 
tity is weight loss due to ferric ion reduction (or ferric 
ion consumption) which he does plot in Fig. 6. Diffusion- 
control theory certainly does not apply to hydrogen 
evolution which is known to proceed at a considerably 
slower rate than the rate of transport of hydrogen ions to 
the interface. 

Even Fig. 6 is not entirely satisfactory as a basis of the 
author’s discussion since it makes no allowance for solution 
depletion which is about 10% in his experiments. First 
order rate constants, calculated from the data given by 
the author in Table II of his paper, show a slight increase 
with concentration (see Table 1). However, the increase of 
k with concentration is much smaller than implied by the 
author in his discussion and, furthermore, is in at least 
qualitative accord with the predictions of diffusion-control 
theory. Under conditions of free convection k should in- 
crease with concentration as shown by Wagner.** Spe- 
cifically, if it is assumed that the solution depletion is 
negligible, we have 


Consumption of Fe+++ (moles/em?) « (Cpet+)** (I) 


39 WaGner, J. (and Trans.) Electrochem. Soc., %, 
161 (1949). 

R. Witke, M. anp C. W. Tostas, This 
Journal, 100, 513 (1953). 
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instead of the linear relation assumed by the author. The 
constant of proportionality depends on solution density 
and viscosity, on diffusion coefficient of ferric ion, and on 
the geometrical arrangement used. The Discussion on 
pp. 290 and 291 of the author’s paper, and the presumed 
inability of diffusion-control theory to account for the 
results quoted, are therefore incorrect. 

The arguments advanced by the author in support of 
his statement that “acceleration by Fe+** is due to direct 
reduction of Fet**” are not convincing. There is no firm 
basis for assuming that indirect reduction of ferric ions by 
adsorbed hydrogen should proceed “with 100% efficiency 
while no hydrogen was being evolved.” On the contrary, 
there is evidence suggesting that discharge of hydrogen 
ions to adsorbed atomic hydrogen is fast compared to the 
over-all rate of hydrogen evolution,“ in which case one 
would expect that hydrogen evolution would not be com- 
pletely suppressed except at high ferric ion concentrations. 

The kinetic behavior before the establishment of a steady 
state is apparently quite complex. While it is perhaps not 
easily explainable in terms of indirect reduction, neither 
is it easily accounted for on the basis of direct reduction of 
ferric ions. 

The effect of H.SO, concentration on the over-all disso- 
lution rate does not necessarily support the hypothesis 
that ‘direct Fe*** reduction is suppressed by the hydrogen 
evolution reaction.” The thesis developed by the author 
completely ignores the effect of changing ionic strength on 
diffusion coefficient of ferric ion, and of changes of solution 
viscosity and density. The expected change in these quanti- 
ties should lead to a decrease of transport rate of ferric 
ions and may account for the observed decrease of ferric ion 
consumption. Fig. 4 actually shows that the weight loss 
corresponding to hydrogen evolution is a small fraction 
(less than five %) of the total weight loss and that the 
change of this quantity with increasing acid concentration 
isalso a small fraction (ten %) of the change in total weight 
loss. Further, the relation demonstrated between these two 
quantities is of the most general kind. Indeed, the only se- 
cure inference to be drawn from Fig. 4, in the absence of 
additional information, is that the rate of hydrogen evolu- 
tion increases as the rate of ferric ion reduction decreases. 
This observation is not surprising if ferric ion is indirectly 
reduced. 

Finally, at the University of Texas we have studied the 
dissolution of mild steel-in the presence of ferric ions using 
the rotating cylinder technique. We found that in 2V HC] 
and for ferric ion concentrations 0.01 to 0.3 m/l, the system 
exhibits behavior characteristic of diffusion-controlled 
reactions: the temperature coefficient gives 6000 cal for 
the energy of activation, and there is a very pronounced 
dependence on stirring speed up through the highest speeds 
used (60,000 em/min). These results are in agreement with 
those obtained several years ago by Abramson and King® 


“| See, for example, O. Garry anv E. C. R. Spooner, 
“The Electrode Potential Behaviour of Corroding Metals 
in Aqueous Solutions,’ Oxford University Press, Oxford 
(1938). 

*M. B. ABRamson AND C. V. Kina, J. Am. Chem. Soc., 
61, 2290 (1939). 
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in dilute acid. In view of these results we must conclude 
that up to ferric ion concentrations of about 0.3 m/l the 
diffusion-control theory seems to be in agreement with 
experiment. We also note that, if this is the case, the 
postulate of ‘‘adsorption”’ of ferric ions is not a useful one. 
In this concentration range no meaningful distinction can 
be made between an ion reacting and an ion “adsorbed” 
at the interface, the act of “adsorption” being the same as 
the act of reaction. 

Harry C. Gatos: The comments of Dr. Makrides re- 
garding Fig. 2, 4, and 6, although obviously valid in 
principle, have little or no bearing on the over-all thesis 
presented in the paper. 

Dr. Makrides has overlooked the statement in the paper 
that diffusion control theory can account for total dissolu- 
tion of iron within a certain range of Fet**+ (0.15-0.47 
g ions/l). In view of experimental results, however, (Fig. 2) 
it is inconceivable that, under any treatment of these re- 
sults, diffusion of Fe+** ions controls dissolution of iron 
above 0.47 Fe**+* g ions/l. It is also inconceivable that 
diffusion control can account for the subject dissolution 
process at very low Fe*** concentrations where hydrogen 
evolution contributes appreciably to the dissolution process. 

No distinction, direct or implied, is made in the paper 
between ‘“‘an ion reacting and an ion adsorbed.” Clearly, 
adsorption sites on the metal are treated as reaction sites. 

Regarding the results of Dr. Makrides in HC! solutions, 
the diffusion control theory could, of course, be in agree- 
ment with experiment up to 0.3 Fet** g ions/l if the 
hydrogen evolution did not interfere with the diffusion 
control process in these solutions at very low concentra- 
tions of Fe+** ions. 


PREPARATION OF PURE NICKEL BY 
ELECTROLYSIS OF A CHLORIDE 
SOLUTION 
W. A. Wesley (pp. 296-300, Vol. 103) 


Joun McCatitum®: What is the boron content of your 
pure nickel? 

W. A. Westey: The boron content was so low that the 
only statement the spectrographer could make was that 
it was less than 1 ppm. 

Harotp J. Reap“: Was the density of the nickel meas- 
ured on “‘as plated” or on wrought material? It might well 
be that working of the “as plated” nickel would increase 
the density through reduction of the slight porosity often 
encountered in electrodeposited metals. 

W. A. Westey: The density of the nickel was calculated 
from lattice constant measurements by Jette and Foote® 
which were made on annealed cathode nickel. Less precise 
measurements were made here by gravimetric procedures. 
These showed that cold rolling the as-plated cathode 
nickel tended to decrease its density slightly instead of 
increasing it. 


48 Battelle Memorial Institute, Columbus 1, Ohio. 

44 Pennsylvania State University, University Park, Pa. 

45. R. Jerre anno F. J. Foote, J. Chem. Phys., 3, 605 
(1935). 
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INHIBITION OF LRON DISSOLUTION IN 
ACID SOLUTIONS 

Cecil V. King and Eric Rau (pp. 331-337, Vol. 103) 

Morris E1sensperc*: It is commendable that the 
authors employed a well-defined hydrodynamic condition 
offered by rotating cylinders. This assures a fixed and 
reproducible mode of mass transfer to the metal. 

However, one wonders why the authors did not make 
this a steady-state problem by use of acid flow or employ- 
ment of large containers to assure constant bulk concen- 
tration of the acid. By failure to do so an additional 


‘6 307 Diablo Court, Palo Alto, Calif. 


December 


variable, that of time, is introduced in all cases in which 
the corrosion rate is not negligible 

C. V. Kuve: It is true, as Dr. Eisenberg says, that 4 
method of maintaining constant acid concentration would 
be helpful in some of the experiments, for example, those 
with carbon monoxide. Also, in solutions without inhibitor, 
the weight loss in 5 min would be considerably higher at 
constant 0.02M acid than the values in Table I. However, 
the work did not include large weight losses as a quanti- 
tative feature. In measuring potentials it was desired to 
allow the pH to rise and the ferrous ion concentration to 
increase until precipitation occurred. 


JUNE 1957 DISCUSSION SECTION 


A Discussion Section, covering papers published in the July-December 1956 JouRNALS, is scheduled for publi- 
cation in the June 1957 issue. Any discussion which did not reach the Editor in time for inclusion in the 
December 1956 Discussion Section will be included in the June 1957 issue. Those who plan to contribute 're- 
marks for this Discussion Section should submit their comments or questions in triplicate to the Managing 
Editor of the JourNAL, 216 W. 102nd St., New York 25, N. Y., not later than March 1, 1957. All discussions 
will be forwarded to the author, or authors, for reply before being printed in the JouRNAL. 
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FUTURE MEETINGS OF 


The Electrochemical Society 


Washington, D. C., May 12, 13, 14, 15, and 16, 1957 


Headquarters at the Statler Hotel 


Sessions probably will be scheduled on 
Electric Insulation, Electronics (including Luminescence, 
Semiconductors, Oxide Cathodes, Instrumentation, 
and possibly Screen Applications), 
Electrothermics and Metallurgy, Industrial 
Electrolytics, and Theoretical 


Electrochemistry (including a special symposium on electrolytes) 


Buffalo, October 6, 7, 8, 9, and 10, 1957 


Headquarters at the Statler Hotel 


New York, April 27, 28, 29, 30, and May 1, 1958 


Headquarters at the Statler Hotel 


Ottawa, September 28, 29, 30, October 1, and 2, 1958 


Headquarters at the Chateau Laurier 


Papers are now being solicited for the meeting to be held in Washington, D. C. Triplicate copies of 
each abstract (not exceeding 75 words in length) are due at the Secretary’s Office, 216 West 102nd St., 
New York 25, N. Y., not later than January 2, 1957 in order to be included in the program. Please in- 
dicate on abstract for which Division’s symposium the paper is to be scheduled. Complete manuscripts 
should be sent in triplicate to the Managing Editor of the JourNAL at the same address. 
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The new multimillion dollar research laboratories of National Carbon Co. at Parma, Ohio, is the seventh major research 


center to be established by Union Carbide and Carbon Corp. 


The most versatile element in the periodic table is carbon. 
In its relatively pure state it has a wide range of physical 
forms, from the hard, clear crystal of the diamond to the 
amorphous powder called lampblack. It is inert to most chemi- 
vals and doesn’t melt at incandescent heat. In graphite form 
it conducts heat better than many metals, and with a lower 
coefficient of expansion. It is a good electrical conductor. 
With these inherent properties as a basis, continuing research 
and development have produced refinements that have 
broadened carbon’s scope of application, and have tied it 
even more closely to the electrochemical industry than the 
above listing of properties would indicate. In the manu- 
facture of carbon and graphite, in all their many forms, 
National Carbon Co. is a recognized authority. 

National Carbon Co., a Division of Union Carbide and 
Carbon Corp., owes its origin, as is true of industry as a whole, 
to the electrical age, which began when Faraday’s discovery of 
the principles of electrical induction permitted the conversion 
of mechanical work into electrical energy. Energy transfer, 
in almost all its various means, depends on carbon 
and graphite. National Carbon Co. was formed in Cleveland 
in 1886 by W. H. Lawrence, who had been connected with 
the carbon industry for 10 years through his association with 
Charles F. Brush in the Telegraph Supply Co. Its first 
products were brushes for the dynamos of the young electrical 
industry, and carbons for the are lights soon to be found 
lighting the streets of all “progressive” towns. 

Business continued to expand, and in 1894 a new plant was 
built in Cleveland. In the meantime, several outside plants 
had been acquired, and the company was more firmly bound 
together by reincorporation in 1899. The pioneering of dry-cell 
batteries, the first packaged form of chemical electricity, 
which was to become a very important part of National 
Carbon’s business as the “Eveready” battery line, had begun 
in 1896. 

Carbon and graphite electrodes for the electric are furnace 


have always been one of the company’s leading products, 
Although the electric are furnace industry dates back to 
Davy’s discovery in 1800 that an electric spark would jump 
between two rods of charcoal, notable progress had to wait 
for the invention of the dynamo in 1867. Even then, it was 
another eleven years until Siemens produced his vertical and 
horizontal are furnaces, and eight more years before the first 
of Heroult’s many types of furnaces appeared. Hall’s develop- 
ment of a method of producing aluminum electrically, 
patented in 1886, not only marked the beginning of that 
industry, but created such a demand for carbon electrodes 
that National Carbon built a separate plant for that type of 
product at Clarksburg, W. Va. 

At about the same time Davy was experimenting with the 
‘carbon are, Cruickshank discovered that an electric current 
would produce sodium and chlorine from common salt. Here 
again, the new knowledge could not be fully utilized because 
of power limitations, and the first American patent on the 
electrolytic process was issued in 1883 to a Belgian named 
Nolf for a circular, mereury cathode cell. Thus began the 
‘austie-chlorine industry in this country. 

Progress during the two decades from 1890 to 1910 was so 
rapid that the various developments can be only briefly 
mentioned in order to tie them all together as the rapidly 
growing electrochemical industry, with which National 
Carbon has historically been closely allied. Calcium carbide 
and ferroalloys were first produced commercially, as well as 
ammonia and commercial fertilizers. Electrolytic processes 
for the production of chlorine, chlorates, caustic soda, sodium, 
and magnesium made these products commercially available. 
None of these things could have happened without the timely 
development of carbon and graphite electrodes. A new elec- 
trode plant at Niagara Falls, built in 1910, was equipped to 
produce electrodes up to 24 in. in diameter as a dramati¢ 
salute to 20 years of achievement in the electrochemical and 
steel industries. 
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Although founded on carbon, National Carbon soon be- 
came vitally interested in its first cousin, artificial graphite, 
a method for the production of which was discovered and 
patented by Dr. Edward G. Acheson. Dr. Acheson’s process 
of “graphetizing” carbon at high temperatures led to his 
founding of the Acheson Graphite Co., which was later to 
become affiliated with National Carbon and, eventually, in 
1928, become a part of the National Carbon organization. 

As the carbon are began to wane as a means of illuminating 
the nation’s streets, the movie industry came into being, and 
with it came a need for the intense white light of the carbon 
arc for projection. Projector carbons grew into big business. 
Carbon ares also were used for motion picture studio lighting 
but, when sound pictures came along, the are noises became 
objectionable. With the advent of color movies, the intense 
light of the carbon are to provide the necessary high levels 
of illumination was essential. In addition, the spectral char- 
acteristics of the carbon are matched that of color film. Re- 
search and development had produced a quiet arc, and the 
carbon are was once again firmly entrenched for studio set 
lighting as it always had been for motion picture projection. 
For developing a yellow flame carbon are for lighting color 
movie sets, National Carbon was recently awarded the 
Academy of Motion Picture Arts and Sciences coveted 
“Oscar” for technical achievement. 

Through the years, carbon has taken on new shapes and 
forms to meet the specific needs of industry. In regular, im- 
pervious, and highly porous forms, carbon and graphite are 
recognized as valuable materials of construction for chemical 
process plants and equipment. Carbon has found wide use as 
blast furnace and cupola linings, and graphite has many 
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diversified metallurgical applications. Graphite anodes are 
used in cathodic protection systems, and high purity graphite 
electrodes are used in spectroscopic analysis. In still another 
form, known as activated carbon, the adaptable element 
is used for solvent recovery and gas adsorption. 

The coming of the nuclear age has given the nod once 
again to graphite as the best material for a certain, specialized 
task. Early research on the fission of the uranium atom re- 
vealed that neutrons had to be slowed down to the point where 
they could effectively enter the uranium nucleus. The material 
to do the job had to have a low molecular weight, a high 
degree of purity, and had to be produced economically in 
large tonnages. Graphite met these requirements, and is 
finding many applications in nuclear energy. 

Indeed, a list of the products manufactured by National 
Carbon reads like nature’s own kaleidescopic catalogue of 
carbon. But not content to purvey carbon as it knows it 
today, the company has built new research laboratories that 
will expand its basic research on carbon, graphite, batteries, 
and electronic equipment, with major emphasis on solid-state 
physies. 

In recently announcing a multimillion dollar expansion of 
production facilities for carbon and graphite, Mr. A. 8. 
Johnson, National Carbon’s President, said, ‘“Both the steel 
and chemical producing industries are using more electrodes 
than ever before, and both are continuing to develop electric 
are furnaces and processes requiring larger electrodes. . . . Our 
multimillion dollar investment in additional production 
facilities reflects our confidence in the continued growth of 
these industries, and in the future role that both carbon 
and graphite will play.” 


NEWS ITEMS 


New Sustaining Members 


75th Anniversary of S. C. I. 


The International Mineral§ & Chemi- 
cal Corp., Chicago, IIL, , and two 
divisions of the General Motors Corp.: 


On July 10, 1956, Mr. Julian M. 
Leonard, President of the Society of 
Chemical Industry, was presented with 
an address of congratulations from the 
President of The Electrochemical So- 
ciety. This was on the occasion of the 
75th Anniversary of the Founding of 
the Society of Chemical Industry. The 
Electrochemical Society was repre- 


sented by Dr. Ralph Roberts, Office of 
Naval Research, London. The presen- 
tation took place at the Royal Institu- 
tion, London. 

Over 40 representatives of various 
scientific and technical organizations 
from 12 countries, including members 
of the British Commonwealth, partici- 
pated in this ceremony. 


© Chemical and Engineering News 


Julian M. Leonard (right), President, Society of Chemical Industry, receiving the 
address of congratulations of the President of The Electrochemical Society, which 


was represented by Ralph Roberts. 


Brown-Lipe-Chapin Division, Syracuse, 
N. Y., and Guide Lamp _ Division, 
Anderson, Ind., recently became Sus- 
taining Members of the Society. 


NSF Science Fellowships Offered 


The National Science Foundation 
has announced that applications are 
being accepted for advanced study and 
research in the natural sciences in three 
fellowship programs: predoctoral 
fellowship program for college seniors 
and graduate science students, a post- 
doctoral fellowship program _ for 
scientists who have already received 
the doctoral degree, and a senior post- 
doctoral fellowship program for candi- 
dates who have held the science 
doctorate for a minimum of five years 
and have demonstrated unusual ability 
and special aptitude for productive 
scholarship in the sciences. It is planned 
that approximately 1000 awards will 
be made in the Foundation fellowship 
programs in March 1957. 

National Science Foundation fellow- 
ships are awarded to American citizens 
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who will begin or continue their studies 
at the graduate level or beyond during 
the 1957-1958 academic year. Under 
the broadened program fellowships 
will be awarded in the mathematical, 
physical, medical, biological, engineer- 
ing, and other sciences, including 
atnhropology, psychology (other than 
clinical), geography, certain  inter- 
disciplinary fields, and areas of con- 
vergence between the natural and social 
sciences. 

Fellows will be selected on the basis 
of ability as evidenced by letters of 
recommendation, academic records, and 
other evidence of attainment. Applicants 
for the predoctoral fellowships are 
required to take the Graduate Record 
Examination. Candidates’ qualifica- 
tions will be evaluated by carefully 
chosen panels of scientists established 
by the National Academy of Sciences- 
National Research Council. Final selec- 
tion of Fellows will be made by the 
National Science Foundation. 

National Science Foundation Fellows 
may attend any accredited non-profit 
institution of higher education in the 
United States or similar institutions 
abroad. 

Applications for the 1957-1958 Na- 
tional Science Foundation graduate and 
regular postdoctoral fellowship program 
can be obtained from the Fellowship 
Office, National Academy of Sciences- 
National Research Council, 2101 
Constitution Ave., N. W., Washington 
25, D. C. Closing dates for receipt of 
applications are December 24, 1956 for 
postdoctoral applicants, and January 
7, 1957 for graduate students working 
toward advanced degrees in science. 
The selections will be announced on 
March 15, 1957. 

Applications for the senior post- 
doctoral program may be obtained from 
the Division of Scientific Personnel 
and Education, National Science Foun- 
dation, Washington 25, D. C. Com- 
pleted material must be received not 
later than January 14, 1957. Selections 
will be announced on March 20, 1957. 


ASTM Second Pacific Area 
National Meeting 


The American Society for Testing 
Materials gave close attention to prac- 
tically all kinds and types of engineering 
materials at its Second Pacifie Area 
National Meeting in Los Angeles, 
September 17-21. During the five-day 
meeting more than 200 papers were 
presented at 43 technical sessions. These 
discussed research, properties, uses, 
and methods of testing materials 
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ranging from one of man’s oldest, 
copper, to the latest of radioactive 
isotopes. The technical program was 
the largest ever developed by the So- 
ciety. In addition to the sessions at 
which papers were presented, 13 tech- 
nical committees held about 125 com- 
mittee and subcommittee meetings. 

The high point of the meeting was 
the President’s National Luncheon 
held on Wednesday noon honoring 
ASTM President, Dr. R. A. Schatzel. 
Lt. General Clarence 8. Irvine as the 
guest speaker spoke on “‘Super Materials 
for Super Performance.” 

At seven industry  luncheons— 
Petroleum, Soils, Wood, Railroad, In- 
dustrial Water, Cement and Concrete, 
and Paint—men in the several in- 
dustries had an opportunity to hear 
leaders of these industries speak. 

The apparatus exhibit held in con- 
nection with the meeting attracted 
much attention and provided visitors 
an opportunity to see at first hand many 
of the latest developments in research 
and testing devices. A trend toward 
nondestructive testing through the use 
of x-rays and radioactive isotopes and 
by sonic methods was indicated in 
many fields, especially metals. At the 
same time, outstanding new machines 
showing many refinements in the older 
types of tests were also on display. 

Most of the technical papers and 
reports presented at the meeting are 
being prepared for publication by the 
ASTM. society either in the ASTM 
Bulletin, Proceedings, or as Special 
Technical Publication. 


More Research Funds Available 
to Engineering Foundation 


The Engineering Foundation will be 
able to take on more research projects 
with the income from a bequest for the 
benefit of the Foundation to United 


Notice to Subscribers 


Your subscription to the 
JourRNAL of The Electrochemical 
Society will expire on December 
31, 1956. Avoid missing any issue. 
Send us your remittance now in 
the amount of $18.00 for your 
1957 subscription. (Subscribers 
located outside the United States 
must add $1.00 to the subscription 
price for postage, and payment 
must be made by Money Order 
or New York draft, not local 
check.) An expiration notice has 
been mailed to all subseribers. 


December 1956 


Engineering Trustees, Inc., custodian 
of the Foundation’s funds. The bequest 
of some $425,000 has been made ayaij- 
able to United Engineering Trustees 
Inc. from the estate of the late Edwin 
H. McHenry, civil engineer and _ 
road executive, of Ardmore, Pa 

In his will Mr. McHenry provided 
that upon the death of the last bene- 
ficiary his entire estate should go to 
United Engineering Trustees, Ine, 
which is empowered to pay the net in- 
come from it to Engineering Founda- 
tion for a period of 30 years. The wil] 
expressly stipulates that Mr. Me. 
Henry’s gift “constitute and be kept as 
a special trust fund for the furtherance 
of research in science and engineering” 
and that it be dedicated to the memory 
of his wife, Blanche H. McHenry. At 
the expiration of the 30-year period, 
the principal of the fund held by United 
Engineering Trustees, Inc. may also be 
applied to Engineering Foundation 
research projects. 

Mr. McHenry’s bequest is especially 
timely, coming as it does when both 
government and industry are stressing 
the need for more research in science 
and engineering. 


International Ozone 
Conference 


An International Ozone Conference 
was held November 28-30, 1956, at the 
Sheraton Hotel in Chicago, Ill. It was 
attended by scientists from all parts 
of the world and covered a wide variety 
of subjects relating to ozone. 

Technical sessions were held on: 
Fundamental Properties, Sterilization 
with Ozone, Ozone Chemistry, Ozone 
Technology, Organic Reactions, Reac- 
tion Kinetics, Atmospheric Ozone, 
High Concentration Ozone, Ozone 
Analysis, Ozone Generation the 
Electric Discharge, and Toxicity. 

In addition, there were conducted 
tours of the Armour Research Founda- 
tion laboratories. 


McGraw-Hill Encyclopedia of 
Science and Technology 


Curtis G. Benjamin, President of 
the McGraw-Hill Book Co., has an- 
nounced that the company will publish 
a multivolume compendium of today’s 
scientific and technological knowledge 
called “The McGraw-Hill Eneyclopedia 
of Science and Technology.” 

The encyclopedia will be made up o 
several thousand alphabetically ar 
ranged cross-indexed articles, 
written by acknowledged authorities 
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in science and engineering. Readability 
and comprehension, in general, will be 
at the college underclassman level. 
Designed to serve as a complete 
reference work for the student, teacher, 
engineer, scientist, and others seeking 
information on scientific or engineering 
subjects, it will total some 7000 oversize 
pages, probably bound in ten volumes, 
and will be well illustrated. It will be 
completed in about three years. 
William H. Crouse, author of 15 
technical books, will act as over-all 
editor of this vast publication. Thirty 
consulting editors, each an authority 
in his field, will select some 2000 top 
specialists to write the articles, and each 
editor will review all articles in his field. 
A McGraw-Hill editorial staff of 20 
will then assemble copy-edit 
all contributions, prepare the index, 
arrange cross references, and generally 
do everything necessary to convert 
the contributions into bound volumes. 
McGraw-Hill has established an edi- 
torial office in Charlottesville to house 
the staff and to provide convenient 
research facilities at the near-by 
campus of the University of Virginia. 
The publisher, realizing the growing 
need for technological knowledge at a 
time when our shortage of engineers 
and scientists becomes more and more 
critical, will keep the encyclopedia 
continually up to date. Articles will be 
revised or new ones prepared as new 
developments in science and_ tech- 
nology oecur. Also, an annual publica- 
tion, “The McGraw-Hill Yearbook in 
Science and Technology,” which will 
cover in detail the scientific and tech- 
nological developments of the previous 
year, is being planned. It will keep the 
encyclopedia owner abreast of every 
advance and provide others with a 
complete summation of scientific and 
engineering progress in the year. 


By-Products Division 
Announced by 
Electromet 


In order to develop a broader market 
for by-products from its extensive 
metallurgical operations, Electro Metal- 
lurgical Co., a Division of Union Car- 
bide and Carbon Corp., has set up a 
By-Products Division within its Sales 
Dept. The new division will be respon- 
sible for the sale of by-products resulting 
from the production of ferroalloys, 
metals, and calcium carbide. These 
include ferrous ammonium sulfate, 
fly ash, pebble lime and lime hydrate, 
carbon monoxide gas, and slags from 
chromium and manganese operations. 
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For the present, the headquarters of 
the new division will be in Niagara 
Falls. 

P. J. Stefik, Jr., has been appointed 
manager of the division and will be 
assisted by W. D. Parks. 


Symposium on Extractive 
Metallurgy 


A Symposium on “Mineral Bene- 
ficiation and Extractive Metallurgical 
Techniques” will be held at the Na- 
tional Metallurgical Lab., Jamshedpur, 
in February 1957. Electrometallurgical 
extractive techniques have been in- 
cluded in the subjects for discussion. 

T. L. Rama Cuar, 
Regional Editor, India 


Search for Improved 
Insulation 


A continuing search for improved 
insulation will be “greatly intensified” 
through use of a new developmental 
laboratory in Schenectady, N. Y., to 
be constructed by General Electric’s 
Medium Induction Motor Dept. which 
has announced it will invest $1,500,000 
in the laboratory for the creation of 
new products and improvement. in 
present lines. 

The new facilities for motor research 
will include an engineering laboratory, 
advance engineering test area, and a 
development shop to investigate new 
manufacturing techniques to parallel 
product development. 

The new facilities will be constructed 
in an existing building at the depart- 
ment’s Schenectady headquarters. 
Work, already begun, is expected to be 
completed by 1958. 

The engineering laboratory — will 
undertake applied research and develop- 
ment work in electrical insulation, bear- 
ings and lubrication, magnetic materials, 
metallurgy, and welding. Considerable 
emphasis will be placed upon research 
for improved insulation. The advance 
engineering facility will be charged 
basically with the design of new motors 
and generators. 


Dislocation Strains Made 
Visible 


X-ray investigations of silicon single 
crystals show them to be so nearly 
perfect that strains due to individual 
dislocations in the lattice should be 
detectable. W. L. Bond of Bell Tele- 
phone Labs. has succeeded in detecting 
these strains by utilizing photoelastic 
techniques. 

Employing an infrared microscope 


and infrared photographic techniques, 
Mr. Bond has photographed patterns 
of strain about edge-type dislocations 
and has determined that these strains 
are in good accord with theoretically 
computed distributions. He has also 
examined these patterns visually by 
means of an improved commercial 
version of the wartime infrared image 
converter called the ‘“snooperscope.” 
When the dislocation is viewed “end- 
on” or slightly tipped, the required 
infrared exposure is about 15 min, 
while for a side view it is about 50 days. 
Screw dislocations have not been ob- 
served, since necessary exposure times 
are theoretically on the order of months. 

The technique developed by Mr. 
Bond utilizes a very thin, longitudinal 
slice of germanium cut from a single 
crystal. This wafer is illuminated with 
polarized infrared light. The trans- 
mitted light is passed through a Nicol 
prism analyzer, and thence to the 
infrared microscope. 

A significant result of these studies 
is that growth striations, due to small 
periodic variations of impurity concen- 
tration, appear to be nearly devoid of 
dislocations. This suggests, as computa- 
tions also show, that less energy is 
required to incorporate small amounts 
of impurity atoms in a crystal by elastic 
distortion without making dislocations 
than by making dislocations; and this, 
if true, may be important in practical 
applications of dislocation theory. 


New Head of Scientific 
Research in Mellon 
Institute 

Paul J. Flory, eminent scientist of 
Cornell University, where he is Pro- 
fessor of Chemistry and Acting Chair- 
man of the Dept. of Chemistry, has 
been chosen to head Mellon Institute’s 
investigational activities as Executive 
Director of Research. 

In this new position of research 
leadership in the Mellon Institute, a 
post that has been established since 
the recent retirement of Dr. Edward 
R. Weidlein as President, Dr. Flory 
will be principally responsible for 
mapping and guiding the investigational 
future of the Institute. With his wide 
and productive experience in scientific 
research, he will devote constant atten- 
tion to needed fundamental studies of 
importance to the professions, to the 
industries, and to mankind in general. 

Dr. Flory has had a distinguished 
career in research, having spent twelve 
years in the chemical and allied in- 
dustries and ten years in the field of 
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scientific education with much ac- 
companying investigational work. He 
has pioneered research on the constitu- 
tion and properties of substances com- 
prised of giant molecules, such as 
rubbers, plastics, fibers, films, and 
proteins, and is the author of 106 
papers in scientific journals, all of which 
have been original contributions to 
chemical and related literature. A 
670-page book, his ‘Principles of 
Polymer Chemistry,” published — in 
1953, is a respected treatise. Twenty-two 
patents have been issued to him, 
inclusive of instances of co-invention. 


Sylvania Engineering and Pilot 
Production Building 


Construction started in September 
on a new engineering and pilot produe- 
tion building for the Tungsten and 
Chemical Division of Sylvania Electric 
Products Inc. in Towanda, Pa. The 
new building will house engineering 
offices, laboratories, and pilot plant 
facilities for more than 100 scientists, 
engineers, and technicians. 

To be completed by the middle of 
1957, the building will meet require- 
ments of the division’s expanding 
activity in semiconductors, phosphors, 
chemicals, and metallurgy. With the 
addition of the new facility, the divi- 
sion’s operations will occupy more than 
300,000 square feet of space. The 
division has its headquarters and prin- 
cipal activities in Towanda and a smaller 
plant in Troy, Pa. 


Stauffer Builds New Plant 


Stauffer Chemical Co. has announced 
that it will build a major plant to 
produce titanium tetrachloride at Ash- 


tabula, Ohio. The new facility will 
supply the titanium tetrachloride needs 
of the titanium sponge plant which 
National Distillers Corp. plans for the 
same area. The latter is reported to have 
a capacity of 5000 tons of titanium 
sponge per year. 

The new Stauffer installation, which 
will utilize a number of process improve- 
ments resulting from the company’s 
research in metallic chlorides, is in 
addition to the titanium tetrachloride 
expansions Stauffer has under way at 
Niagara Falls, N. Y. Capacity at that 
city is currently being doubled. 

It is anticipated that the Ashtabula 
unit will be on stream late in 1957. 


Dow Mining Section Moves 
to Midland 


Mining and metallurgical laboratories 
of The Dow Chemical Co.’s Technical 
Service and Development group have 
been transferred from Pittsburg, Calif., 
to Dow’s headquarters in Midland, 
Mich. 

Location of the Mining and Metal- 
lurgical section at Midland will permit 
closer liaison with the company’s other 
research and development groups. 

The section has been responsible for 
developing Dow’s line of chemicals to 
the mining industry, Separan 2610, 
Xanthates, and ion exchange resins, 
among others. 


British High Purity Rare Earth 
Compounds Available in U.S. 

The most comprehensive variety of 
high purity rare earth oxides and com- 
pounds ever produced is now available 
in the United States, the Jarrell-Ash 
Co. of Newtonville, Mass., announced 
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recently. Imported directly from the 
world-famed laboratories of Johnson, 
Matthey & Co., Ltd., London, these 
rare earths and their compounds will be 
distributed in the United States ex. 
clusively by the Jarrell-Ash Co., and are 
available in various grades and chemi- 
cal forms ranging from spectrograph- 
ically certified highest available purity, 
as high as 99.998%, down to lower 
grades. 

In addition to all the rare earth 
oxides, an assortment of rare carth 
salts are available, plus several metals 
of the rare earth group. Such rare 
earth oxides as lutecium, gadolinium, 
samarium, thulium, dysprosium, and 
europium are only a few of the many 
Johnson, Matthey rare earth compounds 
now available for use in metallurgical 
research. 

Further information regarding types 
and purities of these rare earths and 
compounds is available from the 
Information Service of the Jarrell-Ash 
Co., 26 Farwell St., Newtonville 60, 
Mass. 


Graphite ‘‘Welded’’ for First 
Time in History 


Two scientific achievements of world- 
wide significance were announced at the 
dedication of Union Carbide’s multi- 
million dollar research laboratories, 
managed by its National Carbon Divi- 
sion, in Parma, Ohio. 

National Carbon scientists have dis- 
covered for the first time in history how 
to “weld” pieces of graphite together, 
providing a new technique which 
promises advances in processing ma- 
terials for the atomic age. 

In addition, the largest single crystals 


electrolytes). 


will be announced in a later issue. 


MANUSCRIPTS AND 
FOR SPRING MEETING 


Papers are now being solicited for the Spring Meeting of the Society, to be held at the Statler Hotel in Washington, 
D. C., May 12, 13, 14, 15, and 16, 1957. Technical Sessions probably will be scheduled on Electric Insulation, Electronics 
(including Luminescence, Semiconductors, Oxide Cathodes, Instrumentation, and possibly Screen Applications), Electro- 
thermics and Metallurgy, Industrial Electrolytics, and Theoretical Electrochemistry (including a special symposium on 


To be considered for this meeting, triplicate copies of abstracts (not to exceed 75 words in length) must be received at 
Society Headquarters, 216 West 102nd St., New York 25. N. Y., not later than January 2, 1957. Please indicate on abstract 
for which Division’s symposium the paper is to be scheduled. Complete manuscripts should be sent in triplicate to the Manag- 
ing Editor of the JourNat at the same address. 


* * * 


The Fall 1957 Meeting will be held in Buffalo, N. Y., October 6, 7, 8, 9, and 10, 1957, at the Statler Hotel. Sessions 
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of cadmium sulfide ever reported have 
been “grown” in the new laboratories. 
A light-sensitive material, cadmium 
sulfide, can be used in photocells, 
solar batteries, and when properly 
activated, as a light-producing phos- 
phorescent material. 


Erratum 


In the 1956 Directory of Members 
the address of George W. Vinal should 
be Shelter Harbor, Westerly, R. I. 
We regret very much the occurrence of 
this error. 


Bound Vol. 102 Available 


Copies of bound Vol. 102 (1955) of 
the JouRNAL are available from Society 
Headquarters, 216 W. 102 St., New 
York 25, N. Y. 

The Price is $12.00 to members of 
the Society and $18.00 to nonmembers. 


DIVISION NEWS 


Battery Division 


The Battery Division held a most 
successful and well attended meeting 
in Cleveland. Three were 
devoted to general papers on batteries. 
One session was given over to a sym- 
posium dealing with the factors which 
determine the “Life of Automotive 
Batteries” and some of the problems 
involved in attempts to measure “life” 
by laboratory tests. It is planned to 
publish the Automotive papers in a 
special pamphlet. Two sessions formed 
a joint symposium with the Theoretical 
Division on the ever-interesting subject 
of “Electrode Polarization.”’ In all, 
30 papers were presented. Attendance 
was very good with approximately 250 
present at several sessions. The discus- 
sions following the papers showed the 
real interest of the audience. 

The biennial business meeting and 
election of officers was held at the 
Battery Division luncheon on October 2 
in the Statler Ballroom with 212 mem- 
bers and guests present. During the 
business portion of the meeting it was 
announced that the contract for the 
book on batteries being sponsored by 
the Division had been signed with the 
publishers, and that the detail of seleet- 
ing an editorial board and preparing an 
outline was going forward under the 
direction of Mr. George W. Heise. The 
Division paused in their proceedings to 
pay their respects to the memory of 
Dr. Clarence C. Rose who was one of 


sessions 


CURRENT AFFAIRS 


the committee active in the formation 
of the Battery Division and who served 
as one of its chairmen. 

The Secretary-Treasurer reported 
that the Division now has 243 members, 
a net growth of 20 during the last year. 
Forty-six new members joined the 
Division and 26 were lost. The foreign 
membership has grown to 39. At the 
start of the year the cash balance was 
$531.22. Income during the year, 
principally from dues, was $427.15. 
The expenditures during the year, 
principally for postage and stationery, 
totaled $99.47. The net balance as of 
September 28 was $858.90. This does 
not include any of the proceeds from 
the sale of the 1956 Extended Abstracts 
at the Cleveland Meeting. 

The following officers were elected 
for terms of two years: 

Chairman—U. B. Thomas 

Vice-Chairman—J. C. White 

Secretary-Treasurer—E. J. Ritchie, 

Eagle-Picher Co., Joplin, Mo. 

Members-at-Large—J. J. Coleman and 

C. K. Morehouse 

Following the business meeting Dr. € 
E. Larsen, Vice-President in charge of 
Research for the National Carbon Co., 
addressed us on the subject of “Energy 
Sources of the Future.” The growth of 
population and the rapidly increasing 
need for power and the products which 
power makes possible were reviewed for 
us. It is estimated that from the time of 
Christ to 1850 the world power require- 
ments were met by the expenditure of 
6Q of energy where 1Q is equal to 10" 
Btu or approximately 38 billion tons of 
coal. By 1850 the burn-up rate for the 
fossil fuels, coal, oil, and gas, had 
reached 1Q per century. At the present 
time our burn-up rate is greater than 
10Q per century. The present known 
reserves of fossil fuels will be exhausted 
in a relatively short time, and by 1975 


it is expected that we will be dependent 
on lower grade or less easily available 
fuels at increased costs. The projected 
demand for electrical power in the 
United States by 1975 is in the order of 
1400 billion kwhr and will require the 
construction of additional generating 
capacity of 300 billion kw. The known 
reserves of nuclear fuels are at least 25 
times as great as that of the fossil 
fuels. In addition, the development of a 
controlled thermonuclear type of re- 
actor is a distinct possibility for the 
future, and the essentially unlimited 
supplies of deuterium in the oceans 
would permit the world’s power re- 
quirements to be easily met for many 
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centuries. Dr. Larsen closed his address 
with a short discussion of a shortage 
of much more importance than that of 
future power sources, namely, the 
shortage of trained scientists and 
engineers to keep our progress abreast 
of those who would like to overthrow 
our way of life. 

Several guests were introduced at 
the luncheon. Mr. E. C. Smith, formerly 
of National Carbon Co. but now re- 
tired, was introduced by Mr. E. A. 
Schumacher as one of the oldest living 
battery chemists. Three from Burndept, 
Ltd. of Scotland were Messrs. Gren- 
ville Matthews, W. A. Mattrass, and 
D. B. Robb. From Frankfurt, Germany 
there was Dr. Hans Bode. 

The field trip to the new National 
Carbon Co. Research Lab. which was 
held Monday evening included dinner 
and was of very special interest to 
battery chemists. 

Before the close of the convention the 
new executive committee met, and 
plans were started for a two-day session 
at Buffalo in 1957. In accord with our 
custom, the Vice-Chairman of the 
Division, Dr. J. C. White, will be the 
program chairman. It will be ap- 
preciated if members having papers in 
preparation or suggestions for topics 
suitable for symposia or round-table 
discussions contact Dr. White. 

A new committee was appointed with 
Dr. C. K. Morehouse as Chairman to 
consider the question of a Battery 
Division award. 

J. Rrrenie, Secretary-Treasurer 


Corrosion Division 


The Corrosion Division, for the first 
time in recent years, participated in a 
joint symposium with the Theoretical 
Division at the Spring Meeting of the 
Society in San Francisco. The sym- 
posium consisted of three half-day ses- 
sions and was entitled “Adsorption Phe- 
nomena at Electrode Surfaces.”’ Several 
papers were presented by invitation, 
including one by K. F. Bonhoeffer of 
the Max-Planck Institute in Géttingen 
as the main keynote speaker. 

The regular annual meetings of the 
Division, consisting of six half-day 
sessions of technical papers, were held at 
the Fall Meeting in Cleveland. One 
session was devoted to High Tempera- 
ture Oxidation, one to Factors Related 
to Corrosion, two to Corrosion Kinetics, 
and two to Electrochemistry of Cor- 
rosion, 

The annual luncheon was held on 
October 3, with an attendance of 70 
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members and guests. At its close the 
annual business meeting was convened 
by Chairman T. P. May. The Secre- 
tary-Treasurer reported that revised 
By-laws, as adopted in October 1955 
and approved by the Board of Directors 
in January 1956, had been published 
in the JournaL in April 1956. The 
purchase of 100 reprints had depleted 
the treasury balance from $32.18 to 
$21.68. There were no other expendi- 
tures, and no income. 

The Chaiman pointed out that action 
of the Board of Directors made it 
mandatory that the Division revise 
Article VII of the Bylaws, dealing with 
the administration of royalties from the 
sale of Monographs sponsored by the 
Division. Copies of the old Article VII 
and the proposed version had been dis- 
tributed to interested members previ- 
ously. After discussion and rewording 
to conform to the Board ruling and the 
Division’s wishes, the revised Article 
VII was adopted without dissent. A 
copy has been sent to the Board of 
Directors for approval. 

On proposal of the Nominating Com- 
mittee (H. Copson, F. Fink, A. H. 
Roebuck), the following were unani- 
mously elected officers of the Division 
for the coming year: 

Chairman—J. E.. Draley 

Vice-Chairman—C. V. King 

Secretary-Treasurer—M. A. Streicher, 

1206 Winstead Rd., Mayfield, 
Wilmington, Del. 

The incoming Chairman entertained a 
brief discussion of plans for the coming 
year, and after adjournment of the 
meeting appointed H. Copson and J. 
Waber as additional members of the 
Executive Committee. 

Crem V. Kina, Secretary-Treasurer 


PERSONALS 


NorMAN Parkinson, formerly of 
Essex, England, has taken a new post 
with the United Kingdom Atomic 
Energy Authority, Industrial Group, 
Research & Development Branch, Doun- 
reay Works, Thurso, Caithness, Scot- 
land. 


M. 8. THacker, upon whom the 
University of Mysore has conferred the 
honorary degree of Doctor of Science, 
has been designated Director General, 
Scientific and Industrial Research, 
India. He recently completed an official 
tour of England and Europe and is now 
in Australia. 


OF THE ELECTROCHEMICAL SOCIETY 


ECS Membership Statistics 


The following two tables give break- 
down of membership as of Oct. 1, 1956. 
61 delinquents were removed from the 
rolls as of May 1, 1956. The Seeretary’s 
Office feels that a regular accounting of 
membership will be very stimulating 
to membership committee activites. 
In Table I it should be noted that the 
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totals appearing in the right-hand 
column are not the sums of the figures 
in that line since members belong to 
more than one Division and, also, be- 
cause Sustaining Members are not 
assigned to Divisions. But the totals 
listed are the total membership in each 
Section. In Table I, Sustaining Members 
have been credited to the various 
Sections. 


TABLE I. ECS Membership by Sections and Divisions 


Section 
aio ia 
Boston 22) 4) 29 
Chicago 10; 35) 2) 45 
Cleveland 45) 35 3) 47 
Detroit 17, & 37 
India 4 
Midland 5| 15) O 4 
New York 60 98 19 129 
Niagara Falls 7 2 1) 19 
Pacifie Northwest 5} 15 O} 11 
Philadelphia 22} 33} 41 
Pittsburgh 2} 36) 3| 22 
San Francisco il} 2 14 
Washington-Balti 34; 39) 33 
more 
Ontario-Quebee 16 O 
U.S. Non-Section 68; 121) 25) 122 
Southern Calif.- 1 OF 15 
Nevada 


Foreign Non-Section 36 O50 


Division 


2 9 11 9 16 93) 0 1493 
17 8 13 14 21 19] 110 105) +5 
37 14. 19 27 42) 13): 183 | 171 412 
5| 7| 3) 3| 2 83 | 73 |+10 
22 6 15 8 41 38) 43 
78 29! 54) 58! 711 444 | 427 
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4616 18 14 16; 28) 158 | 160 | —-2 
8 
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19} 24 29 54) 53) 53] 186 | 175 |+11 
| 


Total as of Oct. 1, 342) 572 85 643 


1956 
Total as of Jan. 1, 309 518 88 609 
1956 
Net Change 


N. R. Srinivasan has left the Indian 
Institute of Science, Bangalore, to 
join the Government of India Steel 
Project at Bhilai. 


K. S. RasaGoratan has been ap- 
pointed Senior Scientific Officer, Central 
Electrochemical Institute, 
Karaikudi, India. 


Research 


J. W. Sausvitte has resigned as 
Associate Professor of Chemistry and 
Chairman of Graduate Studies in the 
Dept. of Chemistry at the University of 
Cincinnati to assume the position of 
Chief, Materials Division, in the 
Nuclear Power Dept. of the Curtiss- 
Wright Corp., Research Division, Que- 
hanna, Pa. 


A. Hocuwa tr, vice-presi- 
dent for research, development, and 


+33 +54 +34 +35 +9 +39) +22) +31) -12) 


357 181, 380 423 507) 365)2451 


312172 341 401 476) 377 2270 


TABLE IL. ECS Membership by Grade 


Total as Totalas| Net 
of 10/1/56 of 1/1/56) Change 


Active 2165 = 2013 | + 152 
Life 14 14 
Emeritus 36 34 +2 
Associate 45 49 —4 
Student 58 53 +5 
Honorary 5 5 0 
Sustaining 128 102 + 26 


Total 2451 2270 181 


engineering of Monsanto Chemical 
Co., is the winner of the 1956 Midwest 
Award of the American Chemical 
Society’s St. Louis Section. Dr. Hoch- 
walt, widely known as an administrator 
of industrial research as well as for his 
earlier work on Ethyl] gasoline, deter- 
gents, synthetic rubber, synthetic fibers, 
and polymers for use as plasties, was 
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cited by the award committee ‘for 
scientific achievement, for leadership in 
industrial research, and for contribu- 
tions to the dignity of the scientist as a 
citizen.”” Presentation of the award, 
an inscribed gold medallion, was made 
at a banquet in St. Louison November 5. 


Watrer R. Meyer, President of 
Enthone, Inc., will speak to the Chi- 
cago Branch of the American Electro- 
platers’ Society on Friday, January 11, 
1957. His topic will be “New Methods 
for Stripping Electroplated Coatings.” 
The talk will consider the stripping of 
nickel from various bases, such as 
steel, copper, brass, and zine base die 
castings. It will also describe methods 
for the stripping of silver, zinc, cad- 
mium, tin, and lead. 


NEW MEMBERS 


In October 1956 the following were 
approved for membership in The Elee- 
trochemical Society by the Admissions 
Committee: 


Active Members 


Watrer J. Ancuo, E. I. du Pont de 
Nemours & Co., Ine.; Mail add: 
3808 Katherine Ave., Wilmington, 
Del. (Electronics) 

Kart F. Bonnorrrer, Max Planck 
Institut; Mail add: Bunsenstr. 10, 
Gottingen, Germany (Corrosion, The- 
oretical Electrochemistry ) 

Manrrep Breirer, Technical Uni- 
versity Munich; Mail add: Ludwig- 
shafenerstr. 3, Augsburg, American 
Zone, Germany (Electrodeposition, 
Theoretical Electrochemistry) 

Cart F. Brentuet, Elchem, Nurnberg, 
Hofenerstr. 63a, Western Germany 
(Electrothermics & Metallurgy) 

GrorGe R. BruckMANN, Eagle-Picher 
Co.; Mail add: 1467 Clovernoll 
Drive, Cincinnati 31, Ohio (Battery) 

Vivian M. Bryant, Jr., Eastman 
Kodak Co.; Mail add: 213 Garson 
Ave., Rochester 9, N. Y. (Battery) 

Justice N. Carman, Texas Instru- 


By action of the Board of Direc- 
tors of the Society commencing Janu- 
ary 1, 1956, all prospective members 
must include first year’s dues with their 
applications for membership. 

Also, please note that, if sponsors 
sign the application form itself process- 
ing can be expedited considerably. 
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ments; Mail add: 7206 Haverford 
Drive, Dallas, Texas (Electronics) 
Henry 8. Curtis, American Potash & 
Chemical Corp. (Nevada); Mail add: 
P. O. Box 55, Henderson, Nev. 
(Battery, Industrial Electrolytic) 
AustEeN E. Davies, Mining & Chemical 
Products Ltd., Station Wharf, Al- 
perton, Middlesex, England 
Wituram L. Ditts, Pigments Dept., 
E. I. du Pont de Nemours & Co., 
Ine., Wilmington, Del. (Electronics) 
Georce E. Evans, National Carbon 
Co.; Mail add: 19150 Inglewood 
Drive, Cleveland 16, Ohio (Battery) 


Ditton Evers, Mallory-Sharon  Ti- 
tanium Corp., 980 Warren Ave., 
Niles, Ohio (Electrothermics & 
Metallurgy) 


WarrEN P. G. Freas, C & D Batteries, 
Inc.; Mail add: 632 E. Rosalie St., 
Philadelphia 20, Pa. (Battery) 

Leo GoLpENBERG, Bureau of Ships; 
Mail add: 1005 Merrimack Drive, 
Silver Spring, Md. (Battery, Electro- 
deposition) 

Tureoporre C. Harman, Battelle Me- 
morial Institute, 505 King Ave., 
Columbus 1, Ohio (Electronics) 

Atots Hocn, Friedr. Blasberg GmbH.; 
Mail add: Luisenstr. 53, Dusseldorf, 
Germany (Corrosion, Electrodeposi- 
tion) 

W. Hook, Anaconda Alumi- 
num Co.; Mail add: Box 123, Colum- 
bia Falls, Mont. 
dustrial Electrolytic) 

Rosert L. Hopkins, Sperry Semi- 
conductor; Mail add: Lake Candle- 
wood Orchards, R. F. D. #44, 
Brookfield, Conn. (Electronics) 

Rosert T. Howarp, Pittsburgh Metal- 
lurgical Co., Inec., 3801 Highland 
Ave., Niagara Falls, N. Y. (Electro- 
thermics & Metallurgy) 

Ferpinanp J. JoHN, Communications 
Battery Branch, Signal Corps Engi- 
neering Labs.; Mail add: 229 Larch- 
wood Ave., Elberon, N. J. (Battery) 

Morvron E. Jones, Texas Instruments 
Inc., 6000 Lemmon <Ave., Dallas 9, 
Texas (Electronics) 

Poitier H. Kier, General Electric 
Co., Bldg. 3-221, Electronics Park, 
Syracuse 1, N. Y. (Battery) 

Cart A. Knorr, Technical University 
Munich; Mail add: Munchen 23, 
Kunigundenstr. 50a, American Zone, 
Germany (Battery, Corrosion, Elec- 
trodeposition, Electro-Organic, The- 
oretical Electrochemistry) 

THeopore J. La CHAPELLE, JR., 
Pacific Semiconductors, Ine.; Mail 
add: 10451 W. Jefferson Blvd., Culver 
City, Calif. (Electronics) 


(Corrosion, In- 
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Jack M. Law, Power Equipment Co.; 
Mail add: 795 No. Liberty St., 
Galian, Ohio (Electronics) 

Joun H. Lawrence, Jenolite Ltd. and 
Jenolizing Co., Ltd.; Mail add: 
13/17, Rathbone St., London W-1, 
England (Corrosion) 

Rospert A. LeGautr, Sun Oil Co., 503 
North Central Expressway, Richard- 
son, Texas (Corrosion, Theoretical 
Electrochemistry) 

I. Lesk, General Electric Co., 
Electromes Park, Syracuse, N. Y. 
(Electronics) 

Arvep Lompr, Osram Gesellschaft mit 
beschrankter Haftung, Helmholtzstr. 
4-8, Berlin NW 87, Germany (Elec- 
tronics) 

Perer A. Raytheon Manu- 
facturing Co.; Mail add: 465 Centre 
St., Quincy 69, Mass. (Electronics) 

Donatp W. Lyon, Pigments Dept., 
Ek. I. du Pont de Nemours & Co., 
Inc., Newport, Del. (Electronics) 

GerorGE MacpouGaLL, Printing, Pack- 
aging «& Allied Trades 
Assoc.; Mail add: Patra House, 
Randalls Rd., Leatherhead, Surrey, 
England (Corrosion, Eleetrodeposi- 
tion, Electronics, Electro-Organic, 
Klectrothermics & Metallurgy, Indus- 
trial Electrolytic, Theoretical Elec- 
trochemistry) 

GRENVILLE MarrHews, Burndept Ltd.; 
Mail add: 45 Brantwood Ave., 
Whitley Bay, Northumberland, Eng- 
land (Battery) 

Miron 8S. Mean, Jr., General Electric 
Co.; Mail add: Cleverdale, N. Y. 
(Electric Insulation) 

Cart L. Meyer, General Motors 
Corp., Deleo Radio Division; Mail 
add: 900 Lincoln Rd., Kokomo, Ind. 
(Electronics) 

Epwarp J. Lead Indus- 
tries Association, 60 E. 42 St., New 
York 17, N. Y. (Battery, Corrosion, 
Electronics) 

Epwarp I. Onstrorr, Los Alamos 
Scientific Lab., P. O. Box 1663, Los 
Alamos, N. Mex. (Theoretical Elee- 
trochemistry) 

VERNON 


Research 


Ozarow, Electronics 
Electric Co., Electronics 
Park, Syracuse, N. Y. (Battery, Elee- 
tronics, Theoretical 
try) 

Epwin Carborundum 
Metals Co., Ine.; Mail add: 1750 
Linden Ave., North Tonawanda, 
N.Y. (Electrothermics & Metallurgy, 
Theoretical Electrochemistry) 

Ernst Raus, Forschungsinstitut fur 


Lab., 
General 


Electrochemis- 


(Continued on page 270C) 
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Committees of The Electrochemical Society, Inc. 


Acheson Award Committee 
(Set up in ECS Bylaws, Article XII) 
Term Expires 
J.C. Warner, Chairman Nov. 1958 
W. Blum, Past Chairman Expired Nov. 1956 
H. J. Creighton Expired Novy. 1956 


H. J. Read Nov. 1957 
G. W. Heise Nov. 1958 
C. L. Faust Nov. 1958 
M. J. Udy Nov. 1959 
H. M. Scholberg Nov. 1959 
R. M. Hunter Nov. 1960 
Ek. M. Sherwood Noy. 1960 


Admissions Committee 
(Set up in ECS Constitution, Article III, Section 3) 
Louis Weisberg, Chairman 
L. I. Gilbertson 
M. F. Quaely 


F. M. Becket Award Committee 
(Set up at Board Meeting, May 1, 1955) 


I. E. Campbell, Chairman (3-yr appt.) 
A. C. Haskell 

A. W. Hinckley 

G. M. Butler 

J. H. Brennan 


Three-year terms. At least two members officers or past 
chairmen of E & M Division. Chairman appointed by mem- 
bers of committee. He should preferably be member of Execu- 
tive Committee of Electrothermics & Metallurgy Division. 
Appointments approved by Board. Committee is self- 
perpetuating. 


Committee on Resolutions 
(Set up at Board Meeting, April 19, 1956) 
R. M. Burns, Chairman 


H. B. Linford 
William Blum 


Committee on Revision of Constitution 
and Bylaws 


(Subcommittee of Ways and Means Committee) 


R. A. Schaefer, Chairman 
R. M. Hunter 


Committee for the Administration of 
the Corrosion Handbook 


(Set up in Corrosion Division Bylaws, Article VII, Section 1) 


Purpose: Administration of Corrosion Handbook Funds. 
Royalties accruing from the sale of Corrosion Handbook 
shall be administered, subject to approval by the Board of 
Directors of The Electrochemical Society, by this Committee. 
Membership of the committee shall be: 
1. Chairman of the Corrosion Division 
2. Member of Board of Directors, appointed by President 
3. Editor of the Corrosion Handbook 


4. Member of Editorial Board of Handbook, appointed 


by Editor 


Norman Hackerman—Board representative 
R. M. Burns—Representative of Editorial Advisory Board of 


Handbook 


T. P. May—Corrosion Division Representative 
H. H. Uhlig—Editor of Handbook 


Finance Committee 
(Set up in ECS Bylaws, Article X) 


Shall be composed of five members: Treasurer, Secretary, 
Business Manager of the JourNaL, a Vice-President, and 
Chairman of Ways and Means Committee. 

L. I. Gilbertson, Chairman 


H. B. Linford 


N. C. Gardiner 


S. Swann, Jr. 


R. A. Schaefer 


Housing Committee 
(Approved at Board Meeting, September 30, 1956) 


F. A. Lowenheim 
C. V. King 
L. I. Gilbertson 


Investment Advisory Panel 
(Set up at Board Meeting, January 27, 1956) 


G. W. Heise, Chairman 
A. K. Graham 
Clyde Williams 
Robert C. Hienton 
R. M. Burns 
(New Chairman should 


Term Expires 
Spring 1959 
Spring 1960 


Spring 1958 | 


Spring 1957 
Spring 1961 


be appointed in 1958) 


Membership Committee 
(Set up in ECS Bylaws, Article XI) 
F. W. Koerker, Chairman 


Sections 
Boston—Richard Peak 
Chicago—none 
Cleveland—John Yeager 
Detroit—Manuel Ben 
Midland—R. 8. Karpiuk 
New York Metropolitan— 
Paul Howard 
Niagara Falls—L. H. Juel 
Pacific Northwest—M. J. 
Pryor 
Philadelphia—F. X. 
McGarvey 
Pittsburgh—E. A. Gulbran- 


sen 

San Francisco—T. R. Beck 

Southern California-Nevada 
—Wnm. Hetherington 

Washington-Baltimore—A. 
C. Simon 


Divisions 
Battery —K. D. Willson 
Corrosion—H. R. Copson 


Electric Insulation—T. D. 
Callinan 
Electrodeposition — R. A. 
Woofter 


Electronies—F. J. Biondi and 
J. W. Faust, Jr. 

Electro-Organic—Hans Neu- 
mark 

Electrothermics & Metal- 
lurgy—W. E. Kuhn 

Industrial Electrolytic—W. J. 
Sakowski 

Theoretical Electrochemistry 
—Sigmund Schuldiner 
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Sections (Cont'd) 
Ontario-Quebec—R. R. 
Rogers 
India—M. 8. Thacker 
(Appointed at Board Meeting, September 30, 1956) 


Nominating Committee 
(Set up in ECS Constitution, Article V, Section 1) 


Committee is composed of members in attendance at 
annual meeting; 5 members. 
R. M. Burns, Chairman 
W. Duckworth 
H. M. Scholberg 
A. E. Middleton 
M. J. Udy 


Palladium Medal Committee 
(Standing Committee, Bylaws, Article VIII, Section 1) 


(Set up by action of Board of Direetors, December 1950.) 
(Revised rules approved at Board Meeting, October 9, 1955.) 
Committee shall consist of at least four and not more than 
six members of the ECS. Appointed by Board at first Board 
meeting of alternate year in which award is not made. Terms 
for four years. Half the membership of the first committee 
to be appointed shall be appointed for a two-year term only, 
and expiring terms are to be filled as noted above. 
(for 1957) N. Hackerman, Chairman 
T. P. May 
E. B. Yeager 
H. A. Laitinen 
J. P. Fugassi 


Patent Committee 


(Subcommittee of Publication Committee—lInactive) 


Perkin Medal Committee 


Set up by action of the Board of Directors, October 11, 
1950: “It was the decision of the Board that the Acheson 
Award Committee should also be the committee responsible 
for The Electrochemical Society nominee for the Perkin 
Medal Award. A new committee is to be advised of this added 
responsibility.”’ 

Composed of immediate Past President, President, and 
First Vice-President. 

Alternates 
F. A. Lowenheim 
L. I. Gilbertson 
C. V. King 


Hans Thurnauer, Chairman 
H. H. Uhlig 
Norman Hackerman 


Prize Essay Contest Committee 


(Set up by action of the Board, December 2, 1950) 


Composed of at least one member from the Corrosion 
Division and one from the Theoretical Division. 
(Contest discontinued for 1956) 


Publication Committee 


(Set up in ECS Bylaws, Article IV, Section 1) 


R. M. Burns, Chairman 
Norman Hackerman 
H. B. Linford 


CURRENT AFFAIRS 


Publicity Committee 


(Inactive) 


Sustaining Membership Committee 
(Standing Committee, ECS Bylaws, Article VIIT, Section 1) 


F. L. LaQue, Chairman 


Ways and Means Committee 
(Set up in Bylaws, Article LX, Standing Committee) 


S. Swann, Jr., Chairman F. A. Lowenheim 


G. W. Heise N. Hackerman 
R. A. Schaefer W. C. Gardiner 
H. H. Uhlig 
Council of Local Sections 
L. O. Case, Chairman 
R. R. Rogers, Vice-Chairman 
H. T. Francis, Secretary 
F. W. Koerker, Director (2 yr) 
R. A. Woofter, Director (continuing 1 yr) 


Representatives in Other Societies 
AAAS, Section C—Chemistry, B—Physics, M—Engineering, 
P—Industrial Science 
(3-yr appointments) 
George Heise—expires spring 1957 
Harry Alsentzer—expires spring 1958 
AIEE, Committee C-40 
Willihnganz 
(Approved at Board Meeting, September 30, 1956) 
ASA, Chemical Industry Advisory Board 


Hans Neumark (l-yr appointment) 


ASA, Committee C-34.1 
W. E. Gutzwiller 


ASA, Sectional Committees 
C-18—J. M. Booe 
Z-10 and Z-32—W. J. Hamer 
C-42—W. C. Vosburgh 
(Approved at Board Meeting, September 30, 1956) 


ASA, Sectional Committee C-67 
Guy Fetterley 


Inter-Society Corrosion Committee, N.A.C.E. 


H. H. Uhlig 
K. G. Compton 


Natvonal Research Council 

Division of Chemistry and Chemical Technology—J. C. 
Warner (3-yr term, July 1955-July 1958) 
International Congress of Applied Chemistry—R. M. Burns 
Advisory Committee to the Prevention of Deterioration 
Center—R. M. Burns 


Research Council on the Causes and Methods of Prevention of 
Internal Corrosion of Water Pipes 


F. L. LaQue 
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New Members 
(Continued from page 267C) 


Edelmetalle; Mail add: Erhardstr. 1, 
Schwabisch Gmund, Germany 

Henry D. Ropeen, National Carbon 
Co.; Mail add: 27850 Rexford, Bay 
Village, Ohio (Industrial Electro- 
lytic) 

ArrHUR ScHLEEDE, Technische Univer- 
sitat Berlin; Mail add: Jakoberstr. 59, 
Augsburg, Germany (Electronics) 

8. Stimpson, P. R. Mallory 
Co., Inc.; Mail add: 2767 Baur 
Drive, Indianapolis 20, Ind. (Battery, 
Corrosion, Electric Insulation, Elee- 
trodeposition, Electro-Organic) 

Wa.rer W. SMettzer, Metals Research 
Lab., Carnegie Institute of Tech- 
nology, Pittsburgh 13, Pa. (Corro- 
sion) 

Dwicut 8S. Eagle Picher Co.; 
Mail add: 121 B SW, Miami, Okla. 
(Electronics) 

Ampatt VENKATESWARLU, Columbia 
University, 1424 John Jay Hall, 
New York 27, N. Y. (Battery, Cor- 
rosion, Electric Insulation, Electro- 
deposition, Electro-Or- 
ganic, Electrothermics & Metallurgy, 
Industrial Electrolytic, Theoretical 
Electrochemistry) 

Perer A. Wricut, Messers Capper 
Pass & Son, Ltd., Melton Works, 
No. Ferriby, Yorks, England 


Electronics, 


Student Associate Member 


Jerry C. La PLantre, Massachusetts 
Institute of Technology; Mail add: 
441 Beacon St., Boston 15, Mass. 
(Electrodeposition) 


Associate Members 


Gary F. Mitier, General Electric 
Co.; Mail add: 1099 Ivanhoe Rd., 
Cleveland 10, Ohio (Electronics) 
“RNESt ReminMULLER, Hobart Bros. 
Co.; Mail add: 108 No. Elm St., 
Troy, Ohio (Electronics) 


Reinstatements to Active 
Membership 


Sipney A. Corren, Markite Co.; 
Mail add: 163 Cherry St., Katonah, 
N. Y. (Battery, Electrodeposition) 

Francis E. pa Costa, Independent 
Industrial Consultant; Mail 
37 Garden Rd., Bombay 1, 
(Electronics) 

R. Draper, “Electroplating,” 
83 Udney Park Rd., Teddington, 
Middlesex, England (Electrodeposi- 
tion) 


add: 
India 


Mancuot, Henkel & Cie. 
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GmbH., Dusseldorf-Holthausen, Hen- 
kelstr. 67, Germany 

Raven G. Verpieck, Foote Mineral 
Co., Berwyn, Pa. (Industrial Elec- 
trolytic) 


Transfer from Student Associate 
to Active Membership 


ALvIn J. SALKIND, Polytechnic Institute 
of Brooklyn; Mail add: 1226 Schenec- 
tady Ave., Brooklyn 3, N. Y. (Bat- 
tery) 


Transfers from Associate to 
Active Membership 


Cuarues K. Bon, Dow Chemical Co.; 
Mail add: 2916 Swede Rd., Midland, 
Mich. (Industrial Electrolytic) 

Joun C. CLayron, Westinghouse Elee- 
trie Corp.; Mail add: 5453 Young- 
ridge Drive, #24, Pittsburgh 36, Pa. 
(Theoretical Electrochemistry) 

Joun L. Grirrin, University of Michi- 
gan; Mail add: 534 No. Main St., 
Ann Arbor, Mich. (Theoretical Elec- 
trochemistry ) 

Dove.as V. Kevier, Jr., King Labs., 
Inc.; Mail add: 915 Westeott St., 
Syracuse 10, N. Y. (Eleetrothermics 
& Metallurgy) 

Harry C. Manpe i, Jr., Pennsyl- 
vania Salt Manufacturing Co.; Mail 
add: 2138 Kent Rd., Abington, Pa. 
(Electrodeposition, Electrothermics & 
Metallurgy, Industrial Electrolytic, 
Theoretical Electrochemistry) 

Miter H. Pererson, Naval Research 
Lab., Code 6303 A, Washington 25, 
D. C. (Corrosion) 

Kurt H. Srern, Dept. of Chemistry, 
University of Arkansas, Fayetteville, 
Ark. (Theoretical Electrochemistry ) 

Norman P. Sweeny, Indiana Uni- 
versity; Mail add: 516 E. First St., 
Bloomington, Ind. (Industrial Elee- 
trolytic) 


BOOK REVIEWS 


Erupes sur te Gatuum by Pierre 
de la Bretéque. Published by Im- 
primerie Vaudoise, Lausanne, Switz- 
erland, 1955. 149 pages. 

The author points out that during the 
purification of alumina the gallium of 
the bauxite accumulates in the alkaline 
liquors. A number of methods for its 
recovery had been developed, all of 
which led to some alteration of the 
solutions, causing a loss of soda and 
alumina. Since the study and use of 
gallium has been discouraged by its 
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very high cost, the author set out ty 
develop a better method of recovery 

First he describes researches made to 
establish reliable analytical methods fo, 
gallium, then the research which ep. 
abled him to develop a_ process of 
electrolytic extraction which leaves the 
solutions intact. A summary of the mos 
economical conditions for good recovery 
is given. 

The author is associated with ap 
alumina plant closely affiliated with the 
Aluminium - Industrie - Aktien - Gesell . 
schaft, Neuhausen am Rheinfall, Switz. 
erland. Since it is hoped to put the 
process into commercial production, 
a pilot plant has been built and actually 
operated. 

A complete bibliography on gallium 
is included in the book, about 1200 
references being given. 


C. V. Kine 


GMELIN’s HANDBUCH DER ANORGANI- 
SCHEN Eighth Edition, 
Edited by the Gmelin Institute under 
direction of E. H. E. Pietsch. Pub- 
lished by Verlag Chemie, GmbH., 
Bergstrasse, Weinheim, Germany. 


System No. 28, Calcium, Part BI, 
viii + 264 pages, 28 graphs, 1956, 
$34.99. 


System No. 44, Thorium and Its Iso- 
topes, xv + 406 pages, 35 graphs, 
1955, $55.22. 


System No. 60, Copper, Part Al, xvi 
+ 710 pages, 190 graphs, 1955, 
$92.13. 


System No. 60, Copper, Part A2, 
xxxli + 755 pages, 235 graphs, 1955, 
S$LOL.9S. 

The comprehensive and _ detailed 
treatment of these new volumes makes 
them an extremely valuable addition to 
the library. The Gmelin Handbuch has 
come to be known as an authoritative 
international compendium of inorganic 
chemistry. The volume on Thorium is 


Notice to Members 


By now you have received your 
official voting ballot from Society 
Headquarters. If you have not al- 
ready done so, please return the 
ballot by December 15 so that your 
vote may be included in the final 
election count. 
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no doubt the most complete book con- 
cerning this metal. Part A2, Copper, 
includes 412 pages on physical proper- 
ties, 87 pages on crystallographic 
properties, 159 pages on mechanical 
properties, 166 pages on electrochemical 
behavior. Two more volumes are in 
preparation on Copper Compounds and 
Copper Alloys. 
C. V. Kine 


ELECTROPLATING ENGINEERING HaNpb- 
pook. A. Kenneth Graham, Editor. 
Published by Reinhold Publishing 
Corp., New York, N. Y., 1955. XTX 
+ 650 pages, $10.00. 

This volume well lives up to the 
description on its cover: “The most com- 
plete reference source of engineering 
fundamentals and general processing 
data ever published for the electro- 
plating industry.” The imposing list of 
editors and contributors gives assurance 
that the claim is justified. 

The book comprises two parts. The 
first section of nearly 400 pages is 
devoted to “General Processing Data” 
covering, primarily, procedures and 
theoretical background. The second 
portion of over 200 pages is entitled 
“Engineering Fundamentals and Prac- 
tice,” and is directed essentially to the 
physical equipment required to put 
the information of the first section into 
use. This system is not completely 
carried out; thus, equipment for barrel 
plating is covered comprehensively in 
the second section, while that for barrel 
finishing is found in the first portion. 

With this structure, and with differ- 
ent contributors writing each of the 36 
chapters, inevitably some 
duplication of information. This is 
not necessarily a defect; it may often be 
useful to consider a specific procedure 
from more than one point of view. A 
more serious defect however is the 
loss of some material in the interstices 
between chapters. Abrasive blasting. 
for example, is overlooked, although 
ventilation for it is mentioned. Among 
more important omissions are electroless 
plating, electroforming, and plating on 
nonconductors (but barrel-finishing of 
plastics and rubbers is mentioned). 

The indexing is somewhat erratic. 
Both composition and analysis of the 
lead-tin alloy bath are in the book, but 
the former is indexed as “‘alloy,’”’ and 
the latter as “fluoborate.’’ There are 
five very fine pages on “Thickness 
Tests,” but no reference to 
them (although two specific testers 
are listed). The two pages on “Hardness 


there is 


index 
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of Metals” (339-341) are likewise over- 
looked, but the testers are not. 

The tables of data at the front of 
the book bring together in convenient 
form a mass of information that will be 
of considerable value to the user of the 
book. Not all is, of course, of equal 
utility or completeness. In Table 9, 
for example, the avoirdupois pound is 
defined in terms of grams (misprinted 
grains), but the true value in grains is 
omitted; the troy pound is absent (but 
not the troy ounce). It is not obvious, 
in Table 4, why a plater should be 
interested in the chemical composition 
of emery or alundum; he might be 
more concerned about tin crystals. Table 
5, on the “Physical Properties of the 
Elements” is curiously fragmentary, 
but it includes footnotes relating to 
nonexistent entries, and one note on zinc 
is applied also to antimony. On the 
other hand, several of the other tables, 
notably those on Chemical Compounds, 
Steels, Heat-Resisting Alloys, Non- 
Ferrous Alloys, Electrochemical Equiva- 
lents, and Specific Gravities should 
find constant use. 

The various chapters show a good 
deal of diversity in treatment, as may 
be expected. In the first part, several, 
like those on Metal Surface Prepara- 
tion, Processing and Operating Se- 
quences Trouble Shooting, and Waste 
Disposal are exceptionally good, al- 
though a few, like those on Hygiene 
and on Design for Plating, might 
profitably have been expanded. (It may 
be noted that a good deal of material 
that one would have expected to find in 
the chapter on Hygiene is located in 
that on Exhaust Systems.) In the second 
portion, the chapter on Plant Location 
and Layout is disappointingly short, 
and those on Heating and Cooling 
Racks, Manually Operated Installa- 
tions, and General Maintenance could 
likewise have been made more thorough. 
On the other hand, the chapters on 
Tanks, Linings, Barrels, Anode and 


Cathode Rod Systems, Exhaust 
Systems, Generators, Rectifiers, and 
Filtration are adequately compre- 


hensive. Bibliographies, too, are quite 
various, with some chapters flaunting 
extensive lists of references, and others 
with few or even none. 

In general, the book brings together 
under one cover material which has 
hitherto been available only in widely 
scattered places, and thus constitutes a 
valuable piece of reference, one to 
which anyone involved in plating will 
with profit frequently resort. It is not 
the “Complete up-to-date data book 


. & 


iELECDROPODE’ 


POLAROGRAPHIC 
ANALYZER 


FOR RAPID, ROUTINE 
QUANTITATIVE AND 
QUALITATIVE 
ANALYSES IN 
ORGANIC AND 
INORGANIC CHEMISTRY 


eFAST ePRECISE 
e EASY TO USE 


The Fisher Elecdropode is a simple-to- 
operate instrument capable of detecting 
minute quantities of ions or radicals and 
measuring these quantities within precise 
limits. The Elecdropode operates efficient- 
ly in the range of 0.01 to 0.000001 equiva- 
lents per liter; less than 10 ml of solution 
is required, and the sample is not altered 
during analysis. When necessary—exten- 
sive analyses may be made with as little 
as 0.005 ml of solution. Get details now 
about the Fisher Elecdropode and other 
analytical instruments. 


HAVE YOU 
ANALYTICAL 
PROBLEMS 

OF ANY KIND? 
THIS BULLETIN 


WILL HELP YOU 


Bulletin FS-250 details 
Fisher apparatus for analy- 
sis by electrodeposition and 
Outlines the applications 
and advantagesof eachtype. 


FOR YOUR COPY, WRITE 
110 FISHER BLOG., PITTSBURGH 19, PA. 


FISHER 
SCIENTIFIC 


Boston Buffalo Chicago Charleston, W.Va; 

Cleveland Detroit New York Philadelphia 

Pittsburgh St.Louis Washington Montreal - Toronto 
America's Largest Manufacturer- Distributor of 
laboratory Appli and Reagent Chemical: 
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designed to answer every imaginable 
electroplating problem,” but it is a 
courageous and competent attempt to 
approach that pinnacle of perfection. 
The Editor and his staff deserve the 
warm thanks of all those active in the 
electroplating industry. 

Martin M. STERNFELS 


ANNOUNCEMENTS 
FROM PUBLISHERS 


EVALUATION OF HIGH STRENGTH WELbD- 
ABLE TrTaNruM-BasE ALLoys, C. R. 
Lillie, Armour Research Foundation, 
for Wright Air Development Center, 
Dee. 1955. Report PB 121069.* 62 
pages, $1.75. 


ScaLinG OF TrraNiuM AND TITANIUM 
Auuoys, H. J. Siegel, R. C. Dunean, 
Jr., and R. E. Swift, Dept. of Mining 
and Metallurgical Engineering, Uni- 
versity of Kentucky, Nov. 1955. 
Report PB 121219.* 110 pages, 


$2.75. 


TiraniumM ALLOYS FOR ANALYTICAL 
Sranparpbs, H. W. Lownie, Jr., D. 
L. Chase, and W. M. Henry, Bat- 
telle Memorial Institute, for Wright 
Air Development Center, May 1953. 
Report PB 121107.* 26 pages, 75 
cents. 


Orrick OF Navat Researcn 
TEMPERATURE Progectr, Frnat Re- 


port, J. B. Conway and A. V. 
Grosse, July 1954. Report PB 
121024.* 65 pages, $1.75. 


Toe ELecrropeposition Tira- 
nium. Reviews research by A. W. 
Schlechten and others at the Missouri 
School of Mines and Metallurgy for 
Wright Air Development Center. 
Part 1—Report PB 111797,* Sept. 
1953, 57 pages, $1.50. Part 2—Report 
PB 111798 Novy. 1954, 57 pages, $1.50. 
Part 3—Report PB 111794,* March 
1956, 59 pages, $1.50. 


CorRosION RESISTANCE OF PHOSPHATED 
Sree, Arrer Heatinc UNpER OIL, 
J. Doss, Rock Island Arsenal Lab., 
U. 8S. Army, Aug. 1955. Report PB 
111915.* 14 pages, 50 cents. 


CORROSION PREVENTATIVE ADDITIVES, 
M. Feinleib and H. T. Francis, 
Armour Research Foundation, for 
Wright Air Development Center, U.S. 
Air Force, July 1952. Report PB 
121072.* 22 pages, 75 cents. 


An EvecrricaL Conpuctance Test 
FoR MEeEasuRING CorrRo- 
sion, D. Roller, Wright Air Develop- 
ment Center, U. 8S. Air Foree, Aug. 
1955. Report PB 121089.* 34 pages, 
$1.00. 


DrEVELOPMENT OF AN ORGANIC LACQUER 
Resistant TO Fuminae Nirric Acip, 
F. J. Honn, R. E. Martin, and D. R. 
Wolf, M. W. Kellogg Co., for Wright 


1956 Directory 


The 1956 Directory of Members of 
the Electrochemical Society is now 
available. The Directory contains an 
alphabetical and geographical list of 
members of the Society as of March 1, 


1956, and a list of Patron and Sustaining 


Members, Past Presidents, and winners 
of Society prizes and awards. 

Members who wish to receive the Di- 
rectory are requested to fill in and re- 
turn the order form below, accompanied 
by check, to Society Headquarters, 216 
West 102 St., New York 25, N. Y. 


Name 


Please send____copy(ies) of the 1956 Membership Directory to: 


Company 


Street 


City 


Zone State 


Attached is check for $_ 
$2.00.) 


for Directory. (Single copies cost 


December 1956 


Air Development Center, Jan. 1956, 
Report PB 121205.* 46 pages, $1.25, 


MOLYBDENUM DISILICIDE COATING Fog 
Grapuite, J. F. Lynch, J. A. Slyh, 
and W. H. Duckworth, Battell 
Memorial Institute, for Wright Aj 
Development Center, Sept. 1954. 
Report PB 121084.* 33 pages, $1.00. 


HyDROGEN EMBRITTLEMENT AND Static 
FatiGur IN HiGH STRENGTH STex1, 
R. D. Johnson, H. H. Johnson, 
W. J. Barnett, and A. R. Troiano, 
Case University of Technology, for 
Wright Air Development Center, 
Aug. 1955. Report PB 121064.* 4) 
pages, $1.25. 


Onset oF Fast CRACK PROPAGATION ty 
STRENGTH STEEL AND ALUM. 
num G. R. Irwin, Naval 
Research Lab., May 1956. Report 
PB 121224.* 16 pages, 50 cents. 


EVALUATION OF SURFACE TREATMENTS 
FoR Low-ALLoy STEELS, Sam Tour 
of Sam Tour & Co., Inc., for Wright 
Air Development Center. Part 1— 
Report PB  121087,* Nov. ‘1954, 
29 pages, 75 cents. Part 2—Report 
PB 121088,* Nov. 1954, 21 pages, 75 
cents. 


Gas TuRBINES AND JET PROPULSION 
by G. Geoffrey Smith. Sixth Edition, 
revised by F. C. Sheffield. Published 
by Philosophical Library, New York, 
1955. 412 pages, $15.00. 


PRINCIPLES OF Mass AND FLow 
Propuction by Frank G. Woolard. 
Published by Philosophical Library, 
New York, and Iliffe and Sons, Ltd. 
London, 1954. 195 pages, $7.50. 


CONTRIBUTIONS OF J. M. PEARSON 10 
MITIGATION OF UNDERGROUND Cor. 
rosion. NACE Publication 56-12. 
Published by National Association oi 
Corrosion Engineers, 1061 M & M 
Bldg., Houston 2, Texas. 56 pages, 
paper cover, 8} x 11 in. $5.00 per 
copy, postpaid. 

Six papers by the late Dr. J. M. Pear- 
son and one by a co-worker have been 
reprinted in this book, dedicated to 
Dr. Pearson’s memory. The paper 
were originally published in The Pe 
troleum Engineer and the Transactions 
of The Electrochemical Society. 


* Order from Office of Technical Serv- 
ices, U. S. Dept. of Commerce, Wash- 
ington 25, D. C. 
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Tut ImmMortTaL WoopsHED by Junius 
Edwards. Published by Dodd, Mead 
& Co., New York, 1956. 244 pages, 
$3.50. 
The story of Charles Martin Hall and 

aluminum. 


EvecrricaAL INTERFERENCE by A. P. 
Hale. Published by Philosophical 
Library, New York, 1956. vii + 122 
pages, $4.75. 

A practical discussion of causes and 
elimination of interference with radio 
and television signals in Great Britain. 


TRANSACTIONS OF THE INSTITUTE OF 
Meta Vol. XXX, 1953- 
54. Published by the Institute, Lon- 
don. xii + 207 pages. Price to non- 
members of the Institute, 3 guineas. 


LITERATURE 
FROM INDUSTRY 


L&N InrrareD ANALyzers. A dis- 
cussion of the application of L&N 
Infrared equipment to monitor CO, 
CO., or CH, content of metallurgical 
atmospheres is now available in a new 
folder, N-91-620(1). The publication 
describes continuous measurement of 
these gas components from the output 
of endothermic or exothermic generators 
or in the furnace itself. Illustrations of 
typical chart records are shown as well 
as schematic diagrams of typical 
applications and a description of the 
equipment. Leeds & Northrup Co., 
4934 Stenton Ave., Philadelphia 44, Pa. 


Scav-Ox, a new 35% hydrazine solu- 
tion for removing dissolved oxygen from 
boiler feedwater, is described in a 16- 
page illustrated booklet. The booklet 
covers in detail the use of Scav-Ox for 
protecting low, medium, and high 
pressure boilers. It discusses determina- 
tion of dosage, recommended methods of 
application, testing methods for hydra- 
zine, and properties and handling of the 
material. Comprehensive operating data 
are presented in the form of case studies 
in each of the three boiler classes. 
Olin Mathieson Chemical Corp., In- 
dustrial Chemicals Division, Baltimore 
3, Md. 


“CHEMICAL AND PuysicaAL PRoPER- 
TIES OF LirHi1umM Compounps.”’ Perti- 
nent data on the chemical and physical 
properties of lithium compounds are 
available in folder form from Foote 
Mineral Co. The most reliable published 


CURRENT AFFAIRS 


information on 16 compounds of lithium 
has been compiled and is augmented by 
much new data now being developed by 
the company’s research department. 
The folder is in loose leaf form, to 
provide for insertion of new information 
as it becomes available. Foote Mineral 
Co., 18 W. Chelten Ave., Philadelphia 
44, Pa. 


“Horse Heap BuLietin.” 17,900 
miles of wire—every inch of it zine 
coated—are used in the giant cables of 
the new Walt Whitman Bridge spanning 
the Delaware River at Philadelphia. 
It provides one of the finest endorse- 
ments of the corrosion-resistant proper- 
ties of Horse Head Special zine in wire 
galvanizing. It’s the feature story in the 
Sept. 1956 issue of the “Horse Head 
Bulletin.”” Development programs in 
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connection with titanium dioxide are in 
full swing. Details of current activities 
in this new field are given in another 
story. The New Jersey Zine Co., 160 
Front St., New York 7, N. Y. 


High Vacuum Systems. A new 24- 
page booklet, Bulletin 9, provides an 
excellent guide for the installation of a 
high vacuum system. Prepared by 
experienced technicians, the booklet 
outlines in detail the correct procedures 
involved and what equipment should 
be used for various vacuum system 
installations. A high vacuum pump 
selection chart presents graphically 
the variety of Cenco mechanical vacuum 
pumps available. Also given are charts 
showing capacity-pressure curves and 
speed-pressure curves. Central Scientific 
Co., 1700 Irving Park Rd., Chicago, Il. 


~ 


G-E “Thru-Con” Printed Circuit Boards offer 
positive connection through the holes without 
staking pins. Patterns on both sides if needed. 
Printed circuitry cuts assembly time; cuts product 
bulk, weight; reduces inspection time. 


A new 75-foot automatic acid-copper 
electroplating tank is the key to the 
highly mechanized production system 
in which General Electric will produce 
some 6,000,000 of its “Thru-Con”’— 
additive-type printed-circuit boards 
for everything transistorized 
portable radios to street light controls. 

Plastic strips, with wiring patterns 
printed in a microscopic layer of silver 
as a conductive coating for acid-cop- 
per plating, run through the tank sev- 
eral thousand at one time, in racks 
suspended from a conveyor. 

The tank holds 850 314” x 114” x 
42” long oval anodes in three parallel 
rows. It is filled with a standard 30/7 
copper sulfate solution. Current input 
is 25,000 amps—15,000 amps in series 
through the outside rows and 10,000 
amps through the center row. 

General Electric tested several dif- 
ferent kinds of anodes—is now using 
ANACONDA “Plus-4” (Phosphorized 
Copper) Anodes. These are the com- 
ments on their performance: 


This transistorized portable radio features a 
full printed circuit using a General Electric 
“Thru-Con” Board. Combining other advances 
in electronics with the printed circuit makes pos- 
sible sweeping changes in size, weight, and styling. 


1. No sludging. 

2. Minimum copper build-up in so- 
lution. Better than with any other 
anode tried. 


3. Smooth, heavy deposit. 


4. There is a greater cathode de- 
posit. Scrap losses are considerably 
under those anticipated. 


5. Throwing power is excellent, pro- 
ducing uniform plating, even inside 
holes in the plastic strips—for positive 
electrical connections. 

See for yourself how ANACONDA “Plus-4" 
Anodes can simplify acid-copper electroplating, 
reduce your costs. Write for information on how 
you can get a test quantity to supply one tank. 
Address: The American Brass Company, Woater- 
bury 20, Conn. In Canada: Anaconda Americon 
Brass Ltd., New Toronto, Ont. 56142 


“Plus-4” Anodes 


(Phosphorized Copper) 


A produc of ANACONDA’ 


Made by The American Brass Company ~ 
For use under U. S. Patent No. 2,689,216 


| 
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“EVEREADY” 


BRAND 


BATTERY 
DEVELOPMENT 


CHEMICAL AND 
MECHANICAL ENGINEERS 


e 
PRODUCT DESIGN AND 
MACHINE DESIGN 


Product and Process Development 
Department in Cleveland has open- 
ings for Chemical and Mechanical 
Engineers with two to five years ex- 
perience. Work is concerned with 
both new product design and the 
development of production equip- 
ment for primary power supplies to 
be used with transistorized electronic 
equipment, portable light sources, 
capacitors and a wide range of elec- 
tronic apparatus. 

Pleasant working conditions in a 
good laboratory with a group of 
creative men of similar background. 
Liberal salary program and com- 
plete employee benefit plans. 

High level of individual creative- 
ness and initiative desired. Progres- 
sive Company with young ideas for 
developing new products in an ex- 
panding market offers prime oppor- 
tunities now with the assurance of 
long and satisfactory future for men 
with idea-generating capacity. 

Bachelor or graduate degrees con- 
sidered. Send resumé of educational 
background and work experience to: 


Mr. F. L. Granger 


National Carbon Co. 
Division of Union Carbide and Carbon Corp. 
P. O. Box 6056, Cleveland 1, Ohio 


NEW PRODUCTS 


Utrrasonic TrRANspucerRs. A new 
series of ultrasonic transducers for a 
variety of moderate scale ultrasonic 
cleaning and processing applications has 
been announced. Designed for use with 
ordinary organic solvents, aqueous 
solutions, mild acids, alkalies, and 
normal detergents, the units, designated 
GLENNITE Series UT-10, have a rated 
power of 250 watts and maximum 
operating temperature of 155°F. Avail- 
able in 4 and 1 qt sizes with operating 
frequencies of 22 or 55 ke. Gulton 
Industries, Inc., Lawrence C. Oakley, 
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Engineering Sales Manager, Metuchen, 


yA 


SELENIUM ReEcTIFIER WITH PERIODIC 
Current Reversat. combination 
selenium rectifier rated at 100 amp, 
0-6 v dc., with Periodic Current 
Reverser has been developed. As a 
dual purpose unit, it saves space and 
installs easier. Designed for require- 
ments which call for exceptionally 
uniform plating deposits, periodic cur- 
rent reversal changes the direction of 
the plating current in the tank at regular 
intervals, removing deposits from higher 
and imperfectly adhering areas. Irregu- 
larity and roughness are eliminated 
after a sufficient number of P. R. cycles. 
Rapid Electric Co., 2881 Middletown 
Rd., Bronx 61, N. Y. 


Arr-DryinG Finish FoR 
Trays. A new air-drying, protective 
finish for steel battery trays which 
eliminates the baking process in manu- 
facture has been developed. The, finish, 
called Flexide, is easily applied with a 
brush or spray gun. It has excellent 
adhesion and electrical insulating prop- 
erties, and is highly resistant to abra- 
sion and acid. Flexide is compounded of 
a plastic base material with fillers to 
produce the desired color and physical 
and chemical characteristics. Exide 
Industrial Div., 
Battery Co., Philadelphia, Pa. 


Siticone O-RinGs. Silicone rubber 
O-ring seals are now being manufac- 
tured in standard AN and MS produc- 
tion molds designed for organic rubber, 
making possible threefold savings. The 
compounds being used are the improved 
Class 300 stocks produced by the 
Silicone Products Dept. of the General 
Electric Co. at Waterford, N. Y. 
These new silicone materials are the 
first to have the same shrinkage as 
organic rubber. Goshen Rubber Co. Inc., 
Goshen, Ind. 


TABLE DeEMINERALIZER. New- 
est addition to the Ion Exchange Prod- 
ucts line of demineralizers is the Water 
Master Table Model Demineralizer, 


The Electric Storage 


To receive further information 
on any New Product or Literature 
from Industry listed write direct- 
ly to the company at the address 
given in each item. 


December 1 956 


ADVERTISER’S INDEX 


Allis-Chalmers Manufactur- 


ing Company............ 2550 
American Brass Company .. 273(' 
Baker & Adamson Products, 

General Chemical Division, 

Allied Chemical & Dye 
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Knthone, Incorporated ... Cover 4 


Fisher Scientific Company... 271( 
Great Lakes Carbon Corpora- 

National Carbon Company... 274( 
Rapid Electric Company. ... 254¢ 
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Catalogue No. DI-50, which features 
direct faucet connection for de-ionized 
water on tap (ionically equivalent to 
distilled) with flow rates of better than 
1 gpm. A direct reading meter calibrated 
in ohms/em* and ppm indicates the 
quality of water being delivered. Two 
resin refill mixes are available: a Hi- 
Yield Mix for general application and a 
Research Grade Mix for critical appli- 
cations. Jon Exchange Products, 9349 
So. Cottage Grove, Chicago 19, Ill. 


NEOPRENE Surp-On Enp Caps. In- 
ternal corrosion of stored pipe and 
tubing is prevented by slip-over and 
roll-on end caps of Du Pont neoprene 
made by Protokap, Inc., of Houston, 
Texas, and sold under the trade name of 
“Protokap.”’ The caps effectively seal 
out air, moisture, corrosive fumes, dust, 
and small animals. Two types are avail- 
able: a lightweight roll-on cap for pipe 
2 to 10 in. in diameter, and a heavier 
slip-on cap for 2- to 20-in. diameter 
piping. Protokap, Inc., 625 West Bldg., 
Houston, Texas. 


EMPLOYMENT 
SITUATION 


Position Available 
ELECTROCHEMIST 


Position available for research in the 
electrodeposition of alloys for engineer- 
ing applications. Applicant must have 
degree in chemistry or chemical engi- 
neering and preferably some experience 
in electroplating research. Challenging 
position, with liberal employee benefits. 
Reply to Federal-Mogul Division Re- 
search and Development, P. 0. Box 377, 
Ann Arbor, Mich. 
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INSTRUCTIONS TO AUTHORS OF PAPERS JoURNAL oF THE ELECTROCHEMICAL Soct- 


ETy, 216 W. 102nd St., New York 25, N. Y. 


Manuscripts submitted for publication should be in triplicate to expedite re- 
view. They should be typewritten, double-spaced, with 2}—4 cm (1-1} in.) margins. 

Title should be brief, followed by the author’s name and his business or uni- 
versity connection. 

Abstract of about 100 words should state the scope of the paper and give a 
brief summary of results. 


Drawings will be reduced to column width, 8 cm (3} in.), and after reduction 
should have lettering at least 0.15 em (#5 in.) high. Original drawings in India ink 
on tracing cloth or white paper are preferred. Curves may be drawn on coordinate 
paper only if the paper is ruled in blue. All lettering must be of lettering-guide 
quality. See sample drawing on reverse page. 

Photographs must be glossy prints and mounted flat. 

Captions for all figures must be included on a separate sheet. Captions and 
figure numbers should not appear in the body of the figure. 

General—Figures should be used only when necessary. Omit drawings or pho- 
tographs of familiar equipment. Figures from other publications are to be used 
only when the publication is not readily available, and should always be accom- 
panied with written permission for reprinting. 


Literature and patent references should be listed at the end of the paper on a 
separate sheet, in the order in which they are cited. They should be given in the 
style adopted by Chemical Abstracts. For example: 

R. Freas, Trans. Electrochem. Soc., 40, 109 (1921). 

H. T. 8. Britton, ‘Hydrogen Ions,” Vol. 1, p. 309, D. Van Nostrand Co., New 

York (1943). 
H. F. Weiss (To Wood Conversion Co.), U. 8. Pat. 1,695,445, Dec. 18, 1928. 


Metric units should be used throughout but, where desirable, English units 
may be given in parentheses. 

Corrosion rates in the metric system should preferably be expressed as milli- 
grams per square decimeter per day (mdd), and in the English system as inches 
penetration per year (ipy). 

As regards algebraic signs of potentials, the standard electrode potential for 
Zn — Zn++ + 2e is negative; for Cu — Cut* + 2e, positive. 
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Abbreviations should conform with the American Standards Association’s list 
of “Abbreviations for Scie: tific and Engineering Terms.” 


Authors should be as brief as is consistent with clarity, and must omit all ma- 
terial which can be regarded as familiar to specialists in the particular field. 
’ The use of proprietary names, trade-marks, and trade names should be avoided 
if possible. If used, these should be capitalized so that the owner’s legal rights are 
not jeopardized 
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Metallic systems. See Galvanic cell 

Metal-water reactions. Thorium and 
water vapor, 421 

Methanesulfonic acid. Polarographic be- 
havior of aromatic aldehydes and 
ketones in, 513 

Methyl acrylate. See Polymerization 

Methyl methacrylate. See Polymeriza- 
tion 

Methyl styrene. See Polymerization 

Microstructure. Copper anodes during 
electrolysis, 553 


Nickel 
Preparation of high-purity nickel by 
electrolysis of nickel chloride, 296, 
707 
Properties, 299 
See also Alloy. Electrode 
Nickel plate 
Permeability by gases, 545, 648 
See also Electrodeposition 
Niobium. Oxidation at high pressure, 326 
Nitrogen. Reaction with refractory sili- 
cides, 38, 701 
Nuclear energy. ed., 91C, 113C 


Overvoltage. See Hydrogen overvoltage. 
Oxygen overvoltage 
Oxidation 
Alloys of noble metals. Theory, 571 
Cobalt. Effect of oyxgen pressure, 614 
Composite scales on alloys, 627 
Copper, 475 
Copper. Oxygen-free, 273 
Niobium, High pressure, 326 
Tantalum. Anodic oxidation, 690 
Tungsten in oxygen at high pressure, 
266 
Zirconium-tin alloy.d, 356 
See also Aluminum 
Oxide film 
Aluminum, 482, 535 
Copper, 535 
Seale growth, 619 
Stainless steel, 536 
Tantalum, 690 
Oxygen 
Determination of, in germanium crys- 
tals, 603 
Pressure. Effect on oxidation of co- 
balt, 614 
Oxygen concentration cell. See Corrosion 
Oxygen overvoltage. Concentrated acid 
solutions, 247 
Ozone. Formation in silent electric dis- 
charge, 460 


Palladium 
Diffusion of hydrogen through pal- 
ladium diaphragm, 178, 704 
Hydrogen overvoltage on palladium 
diaphragms, 237 
Palladium Medal. See Awards, under 
Electrochemical Society 
Paper. Manufacture from glass flakes, 
543 
Perchlorate. Electrolytic formation front 
chlorate, 166 
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Perchlorie acid 
Dissolution of iron, 333, 708 
Oxygen overvoltage, 247 
Permeability. Nickel plate by gases, 545 
pH measurement 
High pressures and temperatures, 241 
Solutions corrosive to glass, 81C 
Phase relationships. Zine oxide and boric 
oxide system, 491 
Phosphate. Contamination of copper 
during electropolishing, 700 
Phosphor screen 
Charging. Cathode-ray tube, 498 
Voltage drop, 214 
Phosphors 
Activated by lead and manganese, 17 
Cadmium fluorophosphate, 17 
Calcium fluoroarsenate, 400 
Depreciation by pickup of mercury, 
447 
Deterioration in charging by cathode- 
ray tube, 507 
Electroluminescence. Effect of volt- 
age, 667 
Halide. Fluorescence, 508 
High conductivity desirable, 214 
Stoichiometric formulation unneces- 
sary, 160 
Thallium activated, 508 
Zine arsenate, 400 
Zine borate. Fluorescence, 497 
Zine sulfide 
Activators, 342 
Electroluminescent, 24, 34 
Photomagnetoelectric voltage. Measure- 
ment in connection with surface 
abrasion of germanium, 593 
Phthalimide. Reduction to phthalimi- 
dine and isoindoline, 452, 682 
Picrates. Conductance in dimethyl- 
formamide, 633 
Picric acid. Conductance in dimethyl- 
formamide, 633 
Pig iron. See Smelting, under Electric 
furnace 
Pitting, 81, 83 
Stainless steel, 375 
See also Corrosion 
Platinum 
Electrokinetic potential, 316 
See also Electrode 
Polarization 
Aluminum reduction cell, 174, 704 
Oxygen concentration cell, 467 
Measurement by backside capillaries. 
d, 356 
Sulfuric acid electrolyte affected by 
aluminum sulfate, 425 
Polarography 
Acetonitrile as solvent, 456 
Dimethylformamide as solvent, 456 
Organic compounds in methanesul- 
fonic acid, 513 
Polarographic behavior of 2-chloro- 
cyclohexanone, 676 
Polymerization by gamma rays 
Acrylonitrile, 294 
Elastomers, 295 


Polymerization by gamma rays—cont. 
Ethylene, 293 
Methyl acrylate, 293 
Methyl methacrylate, 293 
Methyl! styrene, 294 
Styrene, 293 
Potential 
Electrokinetic. See Streaming current 
Galvanic. Grain boundaries in copper 
alloys, 320 
Powder metallurgy. Rhenium, 518 
Power. See Alaska. Nuclear energy 
Punched-cell battery. See Electric bat- 
tery 


Quenching. See Dynamic quenching, 
under Luminescence 

Quinones. Polarographic behavior in 
in acetonitrile, 456 


Radiation exposure. ed., 256C 
Refractories. Silicide reactions with car- 

bon and nitrogen, 38, 701 
Rhenium. High-purity. Preparation, 518 
Rubber. See Elastomer 


St. Lawrence Seaway. ed., 186C 
Scale 
Composite. Oxidation of alloys, 627 
Nickel-manganese alloys, 367 
Oxide on copper, 475, 477 
Porosity. Oxide scale, 619 
Scaling. High-temperature 
Cobalt-chromium alloys, 429 
Nickel-manganese alloys, 367 
Semiconductor 
Chaleopyrite structure, 609 
Metal-semiconductor capacitor, 611 
Rectifying contacts, 637 
Surface damage of germanium, 593 
Semiconductors. ed., 243C 
Shot tower. Production of germanium 
pellets, 601 
Silicides. See Refractories 
Silicon. Alloying with metal hydrides, 
218 
Silver 
Electrokinetic potential, 316 
Etching with chromium trioxide and 
sulfurie acid, 257 
Traces. Coprecipitation with silver by 
lead dioxide, 442 
See also Electrode 
Sodium 
Absorption by germanium, 606 
Activity in sodium-lead alloys, 300 
Sodium-alumina. Equilibria in eryolite- 
alumina melts, 231, 705 
Sodium silicate. See Corrosion inhibitor 
Spectrography. Determining purity of 
nickel, 296 
Spectrometry. Examination of hydrogen 
in chromium-plated steel, 624 
Stainless steel. Pitting corrosion, 375 
Steel 
Erosion by hot gases, 224 
See also Iron. Stainless Steel 


Streaming current. 
electrokinetic 
metals, 316, 700 

Styrene. See Polymerization 


Measurement gf 
potentials gf 


Tantalum 
Anodic oxidation, 690 
Use in capacitor, 611 
Temperature. Factor in hardness 
aluminides, 54 
Thermal expansion. Thorium, 425 
Thermodynamics of metallic systems 
Galvanic cells with nonaqueoy 
electrolytes, 194, 705 
Thorium 
Reaction with water vapor, 421 
Thermal expansion, 425 
Tin 
Fruit can. Corrosion, 486 
Solid solubility in germanium, 597 
X-ray investigation.d., 362 
Tin-steel couple. Behavior in citric agid 
486 
Titanium 
Electrodeposition.d., 361 
Electrodeposition on copper, iron, an 
steel, 395 
Hardness influenced by impurities, § 
See also Alloy 
Transient current. Copper electrod 
in hydrochloric acid, 307 
Transistor. Electrolytic capacitor, 61 
Transportation 
National highways. ed. 227C 
St. Lawrence Seaway. ed. 186C 
Triarylearbinols. Polarographic be 
havior in methanesulfonic aeid 
515 
Trichloroacetic acid. Conductance img 
dimethylformamide, 633 
Tungsten. Oxidation in oxygen at high 
pressure, 266 


U.S. Bureau of Mines. See Electric fur 
nace 
Uranium 
Purification by electrorefining, 521 
Reaction with hydrogen, 404 


Vacuum furnace for oxidation of copper 
273 


‘Whisker’? formation in electrodepos 
tion of copper, 390 


X-ray 
Diffraction patterns of calcium, 4 
410 
Measurement of film thickness, 157 
Patterns for zine borate compound 
494 


Zine borate glass. Fluorescence, 491, 4 

Zine oxide and boric oxide system. 
Fluorescence, 491, 497 

Zine sulfide. Electroluminescent, 24, # 

**Zirealoy-2.’’ See Corrosion 

Zirconium. Zone refining, 684 
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